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Micronekton fauna was investigated as part of a multi-disciplinary research project carried out in two 
different bioregions of the South West Indian Ocean: the East African Coastal Province (EAFR) and 
the Indian South Subtropical Gyre (ISSG). Food web structure was addressed using stable isotopes. 
Since particulate organic matter had high δ
15
N values in the ISSG province, copepods were chosen as 
baseline in trophic level estimations. Feeding regime and size were shown to influence the trophic 
position of micronekon. In the ISSG, carnivores (fishes and squids) and omnivores (crustaceans) had 
higher δ
15
N values and trophic positions than filter feeders (gelatinous organisms such as salps and 
pyrosomes) and detritivores (leptocephali larvae. Fishes and squids encompassed a wide range of 
overlapping isotopic niches suggesting that organisms across different trophic levels feed on the same 
resources. Estimated trophic levels ranged from 1.67 to 4.73, showing that micronekton in the ISSG 
can be tertiary consumers. An average enrichment value of 6.7 ‰ was recorded between the sampled 
micronekton specimens and swordfish Xiphias gladius in the ISSG. Trawls, being selective in nature, 
were shown to sample smaller-sized micronekton with a lower trophic position than the micronekton 
being eaten by swordfish. In the EAFR, mean δ
15
N values of micronekton were higher than in the 
ISSG, exhibiting slightly higher trophic levels. Mesoscale dynamics in the EAFR provide 
mechanisms that enrich surface layers in nutrients and chlorophyll-a, therefore contributing to a 
higher abundance and micronekton species richness. In the ISSG, the large-scale wind-driven 
anticyclonic gyre pushes the nitracline, thermocline and deep chlorophyll maximum deeper in the 
water column, influencing the diel migration patterns of micronekton, with a significant proportion of 
micronekton staying in deep layers or slightly above the thermocline at dusk. Regardless of the 
differences in the ISSG and EAFR in δ
15
N values and trophic positions of micronekton, larger-sized 
swordfish sampled from these two provinces had similar mean δ
15
N values since swordfish are highly 
migratory and forage in different parts of the Indian Ocean. However, smaller-sized swordfish 
specimens had lower mean δ
15
N values. With a combination of trawl surveys, stable isotope estimates, 
stomach content and acoustic analyses, this study shed new light on trophic interactions in the 
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In open-sea ecosystems, tunas, sharks, toothed cetaceans and swordfish occupy the highest trophic 
level in the food web. They form large biomasses of top predators and are widely distributed in the 
world’s oceans. Being targeted by industrial fisheries, they are important sources of revenue to many 
island states in the Indian Ocean, with the past 20 years seeing a rise in the total catch of tuna and 
swordfish (FAO, 2006; Ménard et al., 2007). Fisheries remove an important biomass of top predators 
every year, subsequently having an impact on the food web as a whole (Essington et al., 2002; 
Schindler et al., 2002). For an ecosystem approach to fisheries, it is important to investigate every link 
in the food web from lower to higher trophic levels (FAO, 2003; Young et al., 2015). Previous studies 
have demonstrated the opportunistic feeding behaviour of top predators (e.g. Ménard et al., 2006) in 
which micronekton organisms are the main prey item (Potier et al., 2007; Allain et al., 2012). 
Micronekton are actively swimming organisms, forming an intermediate trophic link between top 
predators and lower trophic levels in what is thought to be a rather simple food chain in the tropical 
ocean (Potier et al., 2007) of: 
Phytoplankton  Zooplankton  Micronekton  Top predators 
Knowledge of the biological processes and environmental mechanisms that affect the distribution of 
micronekton had been of great value in investigating the distribution and yield of large oceanic fish 
stocks which are affected by the patterning of food supply (Drazen et al., 2011). In the central Indian 
Ocean, limited data are available on the environmental forcing and mesopelagic organisms that form a 
key link in the transfer of energy across the food web (Sabarros et al., 2009). Longhurst (2007) 
partitioned the world’s oceans into a set of provinces based on various biological, chemical and 
physical properties. These provinces are also important in the study of the spatial heterogeneity of 
tuna and swordfish catches, with some habitats being more favourable to tuna and swordfish 
(Longhurst, 2007; Fonteneau, 1997; Reygondeau et al., 2012). The availability of prey (i.e. 
micronekton) could explain some of the different ecological niches. Two such provinces are found in 
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the Indian Ocean, the ISSG (Indian South Subtropical Gyre) and the EAFR (East African Coastal 
Province) both having distinct environmental properties that are of particular interest in this study. 
The MICROTON cruise was conducted in 2010 on board the Research Vessel ANTEA from IRD 
(Institut de Recherche pour le Développement) in the ISSG province, where fishing pressure is low. 
The main focus of my Master’s project was to investigate some of the environmental and biological 
variables influencing the trophic position of micronekton in the food web of the so-called oligotrophic 
ISSG province, using not yet analysed data from the MICROTON cruise. The different food web 
components (particulate organic matter, phytoplankton, zooplankton and swordfish) along with the 
factors likely to influence the trophic position of micronekton (notably, the vertical movements, 
distribution, diel cycles, abundance, composition, diversity, feeding regime and size of micronekton) 
are investigated in detail.  
This Master’s project also aims to compare the ISSG province with the EAFR province, two 
contrasting biogeochemical provinces. Both the ISSG and EAFR have distinct environmental 
properties that can affect the distribution and concentration of phytoplankton, zooplankton and 
micronekton. In turn, this may affect the distribution of large pelagic such as swordfish and tuna. The 
Mozambique Channel (MZC) in the EAFR, bounded by the Mozambican coast and the western coast 
of Madagascar, is influenced by numerous mesoscale eddies. This region is also under intense and 
seasonal fishing pressure. In contrast, the ISSG province, which is dominated by a large basin-wide 
anticyclonic gyre south of the equator (Stramma and Lutjeharms, 1997; Lutjeharms, 2006) does not 
experience the same ecosystem dynamics as the EAFR province and is said to be oligotrophic. Data 
(acoustic, trawl, stomach content of Xiphias gladius and stable isotope signatures) from cruises 
carried out in the MZC (MESOP cruises) and in the ISSG (MICROTON cruise) were made available 
by the IRD to be analysed statistically in the light of the environmental variables governing these two 
provinces.  
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II. Literature Review 
II. 1 Physical environment 
 
Longhurst (2007) identified various biogeochemical provinces that cover the earth’s oceans, with each 
province having particular environmental characteristics in terms of bathymetry, surface currents, 
hydrology, distribution of chlorophyll pigments, nutrient concentrations and stratification indices. The 
physical and biological environment of the ISSG (focus of the 2010 MICROTON cruise) is studied in 
more detail in this Master’s report. A comparison is made with the EAFR, which has been the focus 
of the MESOP cruises, the results of which were recently published in a special issue of Deep Sea 
Research II (Ternon et al., 2014).  
II.1.1 The Indian South Subtropical Gyre Province (ISSG) 
 
Located between ~10°S and 40°S (Longhurst, 2007), the ISSG (Figure 1), has a total surface area of 
~6.48 million km
2
, with mean surface chlorophyll-a values of       mg m
-3 
(Jena et al., 2012). This 
region, being characterised by low levels of nutrients and phytoplankton populations, is said to be 
oligotrophic in nature (Jena et al., 2012). Approximately 40% of the surface of the earth is covered by 
oligotrophic gyres, mostly in the tropical and subtropical areas, forming the largest ecosystems in 
each of the major ocean basins (McClain et al., 2004).  
The main circulation feature in the ISSG is the South Equatorial Current (SEC), forming the northern 
boundary of a large wind-driven anticyclonic gyre (Stramma and Lutjeharms, 1997; Pous et al., 
2014). At about 60°E, when the SEC reaches the Mascarene plateau, the inflow splits into two cores 
with the northern core passing between 10°S and 14°S and the southern core passing near Mauritius 
between 17°S and 20°S (Pous et al., 2014). This prevailing large-scale anticyclonic circulation pattern 
of the ISSG leads to physical downwelling, thereby limiting the supply of nutrients and chlorophyll-a 
pigments to the surface layers (Jena et al., 2013). The oligotrophic conditions extend 50-60 m deep in 
the water column (Jena et al., 2012). 















II.1.2 The East African Coastal province (EAFR) 
 
The EAFR province extends from 5°S to Cape Agulhas (Longhurst, 2007) (Figure 1). Madagascar has 
an effect on the SEC, causing the spin-off of eddies from the northern and southern tip of the island 
into the MZC (Schouten et al., 2003; Quartly and Srokosz, 2004). Mesoscale cyclonic and 
anticyclonic eddies cross the MZC and feed the Agulhas Current (AC) to the south (Schott and 
McCreary, 2001). In cyclonic eddies, Coriolis forces create surface divergence of water masses, 
causing a rise in the cold, nutrient-rich waters of the thermocline, favourable to enhanced primary 
production in the centre of the eddy. Conversely, anticyclonic eddies generate a surface convergence 
of water masses towards the centre of the eddy, leading to a fall in the thermocline and a positive sea 
level anomaly (detected by satellite altimetry) (Bakun, 2006).  
Figure 1 The upper panel shows the biogeochemical provinces as identified by Longhurst (2007), with the 
approximate cruise track of MICROTON 2010 labelled by red lines. The AUSW (Australia-Indonesia Coastal 
Province), EAFR and ISSG provinces, are delimited by pale blue lines. The lower panel shows the location of the 
oligotrophic gyre in the ISSG delimited by the 0.07 mg m-3 line from satellite sea surface chlorophyll data (Jena et 
al., 2013). The Agulhas Current (AC), Agulhas Return Current (ARC), South Equatorial Current (SEC) and 
hydrographic fronts (Subtropical Front, Subantarctic front and Polar front) are also represented.  
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Eddies are thought to play an important role in deep-sea ecosystems by structuring and concentrating 
biomass in areas of low productivity (McGillicuddy et al., 1998; Oschlies and Garçon, 1998; Tew-Kai 
and Marsac, 2009). Tropical surface waters away from coastal zones are relatively poor in nutrients 
and do not have seasonal phytoplankton blooms related to vertical mixing as in temperate regions. 
Mesoscale eddies therefore play a key role in the biological productivity in these areas, particularly in 
the MZC, where eddy activity is remarkably intense (Tew-Kai and Marsac, 2009). The western side 
of the MZC typically exhibits enhanced levels of chlorophyll-a coinciding with the southwestward 
trajectory of eddies offshore from the Mozambique coast (Tew Kai and Marsac, 2009). Currents at the 
edge of mesoscale eddies export primary productivity away from the Mozambique coast towards the 
open ocean. 
Eddies have also been shown to influence the distribution and aggregation patterns of micronekton 
(Sabarros et al., 2009, Ménard et al., 2014) by concentrating organisms at the periphery, where strong 
local horizontal gradients of sea level anomalies are found. This impacts the distribution, behaviour 
and feeding strategies of upper trophic levels (swordfish, tuna and frigate birds) that prey on 
micronekton (Weimerskirch et al., 2004; Potier et al., 2014; Jaquemet et al., 2014).  
II.2 Biological environment 
 
Diatoms, dinoflagellates, prochlorophytes and Synechococcus (prokaryotic cyanobacteria) are all 
primary producers that shape the succession of different organisms along a trophic gradient in pelagic 
food webs (Parsons and Lalli, 2002). Phytoplankton cells have various pigment compositions specific 
to their particular taxon. These pigments, such as chlorophyll- a (Chl-a), chlorophyll-b (Chl-b), 
chlorophyll-c (Chl-c) and carotenoids can have a photosynthetic or a photoprotective role (Jeffrey et 
al., 1997). Chlorophyll pigment composition analyses can provide taxonomic information regarding 
the structure of phytoplankton communities in the ocean (Jeffrey and Vesk, 1997), since these 
organisms are adapted to the biogeochemical characteristics of the waters where they live and to the 
level of light available. Phytoplankton having high photoprotective pigment contents and small cell 
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sizes, such as Prochlorococcus, are dominant in surface oligotrophic layers (Alvain et al., 2008) 
whereas diatoms are found in nutrient-rich waters (Sarthou et al., 2005).  
In contrast to autotrophic phytoplankton, zooplankton are heterotrophic, i.e. they obtain their energy 
through organic matter (Lalli and Parsons, 1997), such as phytoplankton. Zooplankton are free-
swimming animals that can vary in size from a fraction of a millimetre to several metres long (as 
some jellyfish and pyrosomes) (Miller, 2007). Knowledge of zooplankton composition is scarce in 
both the EAFR and ISSG. Most of the observations available were collected during the International 
Indian Ocean Expedition (IIOE) 50 years ago (1959- 1965), where zooplankton biovolume was found 
to be higher in the northern monsoon-driven part of the Indian Ocean compared to the southwest 








In the MZC, mean zooplankton biovolumes ranged from 0.2 mL m
-3
 (associated with relatively warm 
waters (> 23°C) at 100 m and positive sea level anomalies, characteristic of anticyclonic eddies), to a 
maximum of approximately 0.7 mL m
-3
 (associated with relatively cool water (<20°C) at 100 m and 
negative sea level anomalies, characteristic of cyclonic eddies) (Huggett, 2014). 
Micronekton, which are thought to form a key trophic link between zooplankton and top predators 
(Potier et al., 2007), are a taxonomically diverse group of organisms, consisting of fish species, 
squids, crustaceans and gelatinous organisms. Micronekton are known to undergo vertical migration 
Figure 2  Zooplankton biovolume (mL 100 -3) in the Indian Ocean, from vertical 
hauls (200 m depth to the surface) made during IIOE (Gupta and Desa, 2001). 
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towards the euphotic zone at night and towards deeper layers during the day during the process of diel 
vertical migration (DVM) (Lebourges-Dhaussy et al., 2000; Brodeur et al., 2005). Diel Vertical 
Migration is a widespread behaviour in marine plankton and fish species, possibly triggered by a 
change in illumination intensity at crepuscular periods. This behaviour, which is common in fish 
communities, is explained by predator avoidance, feeding opportunity, bioenergetic efficiency or a 
combination of all of these factors (Lebourges-Dhaussy et al., 2000; Mehner, 2012).  
Mesopelagic fish are typically the dominant group of micronekton inhabiting the world’s tropical 
oceans (Clarke, 1980; Gjøsaeter and Kawaguchi, 1980). Approximately 30 families of mesopelagic 
fishes were reported to inhabit the mesopelagic zone (Gjøsaeter and Kawaguchi, 1980). These fishes 
have shown adaptations to their environment by having various mouth morphologies (zooplankton 
eaters with small jaws) or (large-jawed fish-eating predators), in response to a wide range of prey that 
are found in the water column (Steele, 2009).  
Squids, namely Sthenoteuthis oualaniensis or species of the Enoploteuthidae family, also inhabit the 
mesopelagic zone and are important components of marine food webs (Coll et al., 2013). Just like the 
mesopelagic fishes, squids can be both predators on other micronekton and zooplankton (Cherel and 
Hobson, 2005), and prey for a wide range of top predators such as sharks, marine mammals and other 
fishes (Bello, 1991; Young et al., 2015). Recent studies in the western North Pacific, have shown that 
squids occupy trophic positions at tertiary to quaternary trophic levels (Watanabe et al., 2006), 
reflecting the versatility in their feeding behaviour and dietary habits (Coll et al., 2013; Navarro et al., 
2013). 
Crustaceans also represent a significant proportion of the micronekton biomass and are important 
zooplankton-eaters (Foxton and Roe, 1974; Hopkins et al., 1994). Some organisms (of the Funchalia 
genus, for example) typically feed on chaetognaths, euphausiids, olive-green debris containing 
phytoplankton and protists, and even nematocysts (Hopkins et al., 1994; Schram et al., 2010). Some 
species of crustaceans can be food for squids, midwater fishes and commercially important epipelagic 
fishes such as albacore tuna, therefore also supporting upper trophic levels (Hopkins et al., 1994). 
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Gelatinous organisms usually have transparent, barrel-shaped bodies and are composed of various 
groups, including salps and pyrosomes. Both salps and pyrosomes have morphological adaptations for 
non-selective filter feeding (von Harbou, 2009). Since salps are filter feeders, they are often chosen as 
the basal organism in trophic level estimations (Cherel et al., 2010; Ménard et al., 2014).  
At the top of the pelagic food web are predatory fishes like swordfish (Xiphias gladius) and yellowfin 
tuna (Thunnus albacares), which feed on micronekton. Xiphias gladius is highly migratory but with 
its main location between 45°N and 45°S (Palko et al., 1981; Abascal et al., 2010). The past 20 years 
have seen a rise in the catch of tunas and billfishes in the western Indian Ocean (FAO, 2006; Ménard 
et al., 2007). Environmental factors and differences in low-trophic level species between the EAFR 
and ISSG can affect the abundance and spatial dynamics of top predators, which depend on food 
availability (Reygondeau et al., 2012). This can have a subsequent impact on the capture of tuna and 
swordfish by industrial fisheries in the ISSG and EAFR.  
 
II.3 Ways of studying micronekton 
 
Micronekton distribution and diversity is studied through a combination of complementary tools: 
acoustic recordings and pelagic trawls at different depths, and stomach contents of large fish predators 
such as swordfish and tuna. Improved information on the large scale distribution, DVM patterns, 
aggregation behaviour (Handegard et al., 2013) and relative biomass of micronekton are possible with 
acoustic surveys (Young et al., 2015). Abundance, biodiversity, species richness estimates and 
taxonomic composition can be investigated with trawl surveys (Potier et al., 2014). Stomach content 
analyses are also an important part of food web understanding for they allow descriptions of diet 
composition with high taxonomic resolution (sometimes to species level) (Young et al., 2015). In this 
study, stomach content analyses were used to identify and compare the diet composition of swordfish, 
an important top predator in the EAFR and ISSG. Yet, stomach content analyses also have some 
major drawbacks. For example, they provide only snap-shot data on recently digested food (Bamstedt 
et al., 2000) and under-represent soft-bodied animals that undergo rapid digestion in the predators’ 
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stomachs (Schmidt et al., 2003). In vitro incubation is another technique used to get insights into 
feeding rates (Boyd et al., 1984), but can suffer from artefacts. Indeed, organisms can behave 
unnaturally in an artificial setting (Boyd et al., 1984) and the natural food assemblage is not easily 
simulated in experiments (Schmidt et al., 2003).  
Biomarkers, which integrate the diet over a longer period of time than stomach contents, are used as 
an alternative tool to study food web interactions.  Stable isotopes of carbon and nitrogen were used to 
assess the trophic position of micronekton with respect to swordfish and plankton. Some limitations 
exist with this technique. Ecosystems can have multiple organic inputs and consumers can have more 
than two food sources, which cannot always be distinguished by using one or two isotope tracers 
(Schmidt et al., 2003). Season, geographical region, species composition and metabolic pathway of 
photosynthesis can further impact isotope ratios, even for phytoplankton organisms (Michener and 
Schell, 1994). This spatial or temporal variability in the baseline of the food web hinders comparisons 
between local and migrating consumers as well as those differing in turnover and growth rate (Fry et 
al., 1983; Simenstad and Wissmar 1985). 
Despite these limitations, stable isotope analysis provides a useful approach to estimate the trophic 
position of an organism. With increasing trophic level, δ
15
N values increase, reflecting the trophic 
position of the organism (Vanderklift and Ponsard, 2003). An enrichment of 3-4‰ is seen in δ
15
N 
values at each trophic level (Michener and Lajtha, 2007). In contrast, little variation occurs in δ
13
C 
values along the food chain. Differences in δ
13
C values thus help indicate the various sources of 
primary production, such as inshore versus offshore, or pelagic versus benthic contributions to food 
intake (Hobson et al., 1994; Rubenstein and Hobson, 2004).  
II.4 Specific aims and objectives 
 
Using data collected during a scientific cruise carried out in 2010, the main objectives of this project 
are: 
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1) Investigate the trophic position and diel vertical migration patterns of micronekton in an 
oligotrophic environment. 
2) Describe the food web structure in the ISSG, from phytoplankton to swordfish.  
3) Compare stomach contents of swordfish sampled in the prospected area with species 
composition of micronekton collected by trawling 
4) Compare food web structure in ISSG and EAFR (MZC) using data from previous cruises 
conducted in the MZC. 
Based on prior understanding of oceanographic conditions and primary productivity of the ISSG, it 
was hypothesized that the ISSG province was an oligotrophic region dominated by a large-scale 
anticyclonic gyre, hence impacting the community composition, diel vertical migration and trophic 
position of micronekton. 
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III. Materials and Methods 
III.1 Satellite monitoring of the oceanic environment 
 
Satellite altimetry can be used to monitor sea surface topography. In this study, sea surface level 
anomaly (SLA) was used, which corresponds to the difference between measured sea surface height 
and the mean height calculated at the same location from a 10-year (1992-2013) reference time series. 
At the mesoscale (~100 km), variations in sea level anomalies describe the sea level rise (positive 
SLA) and fall (negative SLA) respectively corresponding to anticyclonic and cyclonic eddies. Maps 
of sea level anomalies (MSLAs) are produced by Ssalto/Duacs and distributed by AVISO and CNES 
(http://www.aviso.oceanobs.com).  Delayed time (DT) MSLAs with a daily and 1/3°resolution were 
used. Geostrophic sea surface current anomalies (cm s
-1
), calculated using SLA, are distributed by 
AVISO at the same spatial and temporal resolution. The eddy kinetic energy (EKE) was calculated 














Values of the sea level anomaly (cm) and geostrophic velocity anomaly (cm s
-1
) corresponding to 
each CTD or trawl station were interpolated from the altimetric products at the dates and locations of 
the stations. 
The MODIS satellite, with a daily and 4 km resolution, produces sea surface color (SSC) images 
(http://oceanocolor.gsfc.nasa.gov/). Since they are sensitive to cloud coverage, SSC was averaged 
over an 8-day period to get limited cloud coverage maps. SSC is used as a proxy to assess surface 
oceanic primary production. In addition, sea surface chlorophyll concentrations corresponding to each 
CTD or trawl station were interpolated from the SSC maps on the dates of the cruises.  
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The MODIS Sea Surface Temperature (SST) was used to provide the SST at the time that the cruises 
took place (http://oceancolor.gsfc.nasa.gov/). The same spatial and temporal resolutions and the same 
averaging procedures were used as those for the ocean colour product. 
 
III.2 The MICROTON Cruise 
 
The MICROTON cruise was carried out on board the R/V ANTEA from 19 March to 5 April 2010 in 
the ISSG province (Figure 3). Data from samples collected at sea allowed investigation of physical 
(hydrology, currents, temperature and salinity vertical distribution), biogeochemical (oxygen, 
nutrients, particulate organic matter, chlorophyll-a concentrations, phytoplankton pigments) and 




Nineteen pelagic trawls were carried out in order to sample micronekton. Data from stomach contents 
of swordfish collected during previous cruises (Ménard and Potier, unpubl. data) were sorted and 
added to the diet study.  
Figure 3 Cruise track of MICROTON in the ISSG province between 21°S and 24°30S and from 55°E to 
64°50E (Jean-François Ternon, IRD, Sète France). Contours represent the sea level anomaly (in cm) 
measured by altimetry in the middle of the cruise (28 March 2010) and the dots along the cruise track 
represent CTD stations. The grey color bar represents the sea level anomaly (in cm).  
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Details about the collection methods of particulate organic matter, nutrients, zooplankton, 
micronekton, and pre-processing procedures of acoustic responses can be found in APPENDIX A. 
III.2.1 Hydrology and Acoustic Doppler Current Profiler (ADCP)
On board the R/V ANTEA, CTD casts were conducted vertically, profiling the temperature, salinity, 
dissolved oxygen and fluorescence of the water column up to a depth of 1000 m (Lamont et al., 
2014). During MICROTON, 18 vertical CTD profiles were recorded and data from 11 stations were 
used for further analyses.  
The thermocline is a layer within a body of water where there is a rapid change of temperature with 
depth. Since the vertical resolution of observations is usually insufficient to resolve the maximum 
temperature gradient (Yang and Wang, 2009), the 20°C isotherm depth is used as a proxy of the 
thermocline depth for tropical ocean studies (Durand and Delcroix, 2000; Meinen and McPhaden, 
2000). The average (± S.D.) depths of the thermocline were calculated across all stations using 
temperature values recorded from CTD casts. 
Vertical current profiles (L-ADCP- current profiler attached to the CTD frame) were also measured 
during the MICROTON cruise. L-ADCP data were used to investigate the vertical structure of the 
current field.  
III.2.2 Particulate organic matter, nutrients and chlorophyll pigments
Particulate organic matter (POM) was collected at 5 m (referred to as POM-Surf) and at the depth of 
the deep chlorophyll maximum (DCM) (referred to as POM-Fmax) using precombusted 25 or 47 mm 
glass-fiber filters (0.7 µm mesh size) that filtered 4 to 8 L (depending on the load of each sample) of 
seawater. The stable isotope signatures of the POM samples were determined at a laboratory ashore 
(see below).  
Seawater was also sampled for nitrate, nitrite, phosphate and silicate at different depths (between the 
surface and 1000 m). The nitrate and nitrite concentrations were used to determine the depth (m) of 
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the nitracline. Lamont et al. (2014)  defined the upper limit of the nitracline as the depth (m) at which 
the change in nitrogen (nitrate and nitrite) concentrations is greater than or equal to 0.2 µM over a 10 
m depth interval, as linearly interpolated between discrete sampling depths. This criterion was used to 
assess the nitracline depth at each sampling station.  
Water samples were collected at 5 m and at the DCM before filtration for chlorophyll-a and other 
pigment measurements. Up to 500 mL of seawater was filtered on 25mm (0.7 µM mesh size) filters 
for each measurement (chlorophyll-a and pigments). Chlorophyll-a was used for the calibration of the 
fluorometric sensor of the CTD. The following pigments were recorded: 
 The chlorophylls : Chl-a, Chl-b, Chl-c2, Chl-c3, Divinyl chlorophyll-a (DVChla), Mono-Chla 
 The photosynthetic carotenoids (PSC) and photoprotective carotenoids (PPC) 
 The chlorophylls were grouped into TChla (total chlorophyll-a), TChlb (total chlorophyll-b) and 
TChlc (total chlorophyll-c). The photo-pigment indices, TChla, TChlb and TChlc, were derived to 
investigate the changing contribution of chlorophylls and carotenoids to the total pigment pool 
(Barlow et al., 2007). The total concentration of pigments (TP) was calculated by taking the total 
concentrations of TChla, TChlb, TChlc, PPC and PSC (APPENDIX B). The pigments were further 
classified according to the organisms in which they were found i.e. either diatoms, flagellates or 
prokaryotes (Barlow et al., 2007) (details on the methodology is in APPENDIX B).  
III.2.3 Zooplankton sampling 
 
A Bongo net with a 200 µm mesh size sampler for zooplankton was used for oblique profiles (0-600 
m depth). The Hydrobios Multinet type Midi with a 200 µm mesh and 0.25 m2 mouth area was used 
to sample zooplankton from a depth of 200 m to the sea surface in five depth layers (Huggett, 2014). 
The samples were frozen on board at -20°C before being processed further for stable isotope analyses. 
In the laboratory, samples were sorted into two main groups, copepods and mysids. Other taxa, being 
less than 300 µm in size, were discarded. 

















III.2.4 Acoustic data collection and processing 
 
Acoustic data were continuously collected 
(day and night) using four frequencies (38, 
70, 120 and 200 kHz). In this and previous 
studies, only the 38 kHz data were used for 
further statistical analyses because they 
had the greatest vertical range among the 
frequencies common to all the surveys 
conducted in the ISSG and the EAFR 
(Béhagle et al., 2014). 
As part of a previous study (Daroux, 2011), the runs 001 and 002, and 015 and 018 of the 
MICROTON cruise (Figure 4) were analysed by echo-integrating the water column within each of 37 
layers of 20 m depth, between the surface and 740 m. The micronekton acoustic density was 




), which can be used as a 
proxy of relative biomass of micronekton (e.g. Béhagle et al., 2014). The sA was calculated for each 
acoustic profile with a 20 m vertical resolution. The along track sampling unit in this study was 1 
nautical mile. The water column was separated into three depth categories: 10- 200 m (surface layer), 
200- 400 m (intermediate layer) and 400- 740 m (deep layer) (Béhagle et al., 2014).  
In this study, indicators were used to characterize the acoustic vertical profiles. The depths at which 
50% and 75% of the total sA value were found in the water column were computed for each sampling 
unit during day and night. This indicator gives an indication of the vertical migration of the deep 
scattering layer. 
III.2.5 Pelagic trawls 
 
Trawls were carried out on micronekton aggregations detected by acoustics during day time, whereas 
during the night they were conducted on sound scattering layers, i.e. 0- 200 m (Ménard et al., 2014). 
RUN 001 et 002 
RUN 015 à 018 
Figure 4 Map of the MICROTON cruise track, with the 
transects where an acoustic signal was recorded and the 
quality of such signal (ranging from 0 to 3), as seen by the 
color bar (Daroux, 2011). 
                 Longitude 
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Micronekton were sampled with a 40-m long International Young Gadoid Pelagic Trawl, which has a 
cod-end lined with 5 mm knotless nylon delta mesh netting. The trawls were towed at a speed of 3-4 
knots for 30 minutes (Ménard et al., 2014). Micronektonic organisms were sorted onboard and 
identified to the lowest possible taxon. The soft tissues of some individuals, selected according to 
their occurrence and abundance, were collected for isotope analyses (details of the procedure are 
given in APPENDIX C). These tissues included dorsal muscles for fishes, the abdomen for 
crustaceans, mantles for squids, body walls for siphonophorans, and tissues of pelagic gastropod 
molluscs, leptocephali larvae and salps (Ménard et al., 2014).  
III.2.6 Stomach content data of swordfish 
 
The swordfish Xiphias gladius was used as a biological sampler of micronekton by providing 
information on the diversity of the micronekton fauna occurring within predator foraging ranges.  
Relationships between sizes of the different hard part structures (cephalopod beaks and otoliths, 
parasphenoids and dentary length of mesopelagic fishes) (Potier et al., 2007) and the weights of 
individuals were used to estimate the reconstituted weight of every prey item (M. Potier, IRD 
Montpellier, pers. comm.). The diet data used in this study comes from a larger data set that is 
currently being used for a broad investigation on the feeding ecology of swordfish in the Indian Ocean 
(F. Ménard and M. Potier, IRD Marseille and Montpellier, pers. comm.). 
III.2.7 Stable isotope analyses 
 
Stable isotope analyses were performed on samples of POM (from the surface and at the DCM), soft 
tissues of zooplankton (copepods and mysids) and on micronekton. Stable isotope values of the 
muscle tissue of swordfish were also made available by IRD. All samples had already been processed 
before the start of this MSc project, using the procedures described in Appendix C.  
Using the δ
15
N stable isotope values of micronekton and swordfish, the trophic level of each specimen 
was calculated using the equation proposed by Minagawa and Wada (1984): 
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Trophic level = 2.0 +   
        
                   
   
 
The copepod group (which has an average ± S.D. δ
15
N value of 4.72 ± 0.93 ‰ in this study) was 
chosen as the primary consumer species for estimating trophic levels from the ISSG province. 
 
III.3 Cruises in the Mozambique Channel 
 
Data from the MZC were collected during previous cruises on board the R/V Dr Fridtjof Nansen 
(IMR, Norway) between 13-23°S and 35-43°E from 28
 
November to 17 December 2008 (MC08A) 
and the R/V ANTEA in the EAFR from 27 October to 23
 
November 2009 between 23-26°S and 35-
39°E (MESOP 2009, MC09B) and from 12 April to 6 May 2010 between 14-23°S and 39-43°E 
(MESOP 2010: MC10A).  Further details (cruise tracks, times and dates) of the MZC cruises can be 
found in the Deep Sea Research II special issue that has been recently published (Ternon et al., 2014) 
The environmental data from leg 1 of MESOP 2010 (which had global spatial coverage of the central 
MZC) were compared with those from MICROTON. Stable isotope data from MESOP cruises were 
also used in the statistical analyses. Diet data came from stomach contents of swordfish collected with 
longline sets during extra cruises in the ISSG province (Ménard and Potier, pers. comm.) and during 
ECOTEM cruises carried out in the MZC in 2002 and 2004. 
III.4 Data visualisation and analysis 
 
Visual interpretation of the environmental data from leg 1 from MESOP 2010 and MICROTON was 
carried out using the free software package Ocean Data View (ODV) (Schlitzer, 2013). Vertical 
distributions along a cruise transect of the environmental descriptors (nitrate, chlorophyll-a 
concentrations and temperature) were mapped onto ODV using the SECTION mode, which also 
allowed the station points to be plotted. Interpolations of data gaps between sampling stations were 
made using the DIVA (Data-Interpolating Variational Analysis) gridding option in ODV. Vertical 
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distributions of the variables are all presented along the ship’s track (x axis= distance from the first 
hydrographic station, in km).  
Additionally, Matlab routines were used to extract altimetry information for the date and location of 
each station sampled and to plot the distribution of sea level anomalies. The Interactive Data 
Language (IDL)-based satellite data visualisation software was used to extract and plot SSC for the 
date and location of each station.  
Classical statistical methods were employed with the statistical package R (Table 1). The null 
hypothesis, H0 of no significant effect and an alternative hypothesis, H1, were set at the beginning of 
each test, with the null hypothesis being rejected if the p-value was less than the chosen threshold 
level of 0.05. In these cases, there is a significant result, with the sampled data offering enough 
evidence to support the alternative hypothesis.  
Table 1 Statistical tests carried out on acoustic, trawl, stomach content and stable isotope data from the ISSG and 
EAFR. 
Variables Investigations Corresponding 
statistical analyses 
A.Environmental Difference in mean eddy kinetic energy, chlorophyll-a 
concentrations, SST, thermocline, nitracline and DCM depths 
between the EAFR and ISSG 
Wilcoxon rank sum test 
B. Acoustic 1)     Difference in acoustic density estimates (sA) between day and   
night in the ISSG across all the depth categories 
Wilcoxon rank sum test 
2)     Difference in acoustic density estimates (sA)  between all thirty-
seven depth layers (L10-20, L20-40, L40-60….L720-740) for day and 
night in the ISSG 
Kruskal-Wallis (Non-
parametric test) 
3)      Test to investigate the DVM of micronekton across the water 
column with indicators at 75% for day and night acoustic  
density estimates.  
Wilcoxon rank sum 
test 
C. Trawls  Difference in trawl composition across four broad categories 
(gelatinous organisms, crustaceans, fishes and squids) between 
EAFR and ISSG  
 MANOVA 
 Pairwise Wilcoxon 
rank sum test 
D. Stomach 
content 
1)      Difference in the proportion of gelatinous organisms, fishes, 
crustaceans and squids caught by trawls and swordfish 




Differences between the EAFR and ISSG in the Shannon diversity 
index and species richness resulting from trawl and stomach content 
data  
  Wilcoxon rank sum test 
 
F.  Isotopes 1) Difference in δ15N and δ13C among the categories (Particulate 
Organic Matter-Surface, Particulate Organic Matter-Fmax, 
Zooplankton Mysids, Zooplankton Copepods, Gelatinous, 
Crustaceans, Fishes, Squids and Swordfish): 
(a) in the ISSG 
(b) in the EAFR (for all categories except zooplankton) 
 MANOVA 
 Kruskal-Wallis  
 Pairwise Wilcoxon test 
2)  Difference in nitrogen and carbon stable isotope signatures 
between organisms having different feeding regimes 
 ANOVA 
 Tukey Post-hoc test 
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(carnivorous, omnivorous, filter-feeding, detritivorous) in the 
ISSG.  
3) Relationship between the sizes (mm) of the carnivores of the 
micronekton specimens collected in trawls in the ISSG and 
their nitrogen isotope signatures. 
 Spearman correlation 
coefficient 
 Linear regression 
4) Relationship between the sizes (mm) of the swordfish 
specimens and their δ
15
N values in the EAFR and ISSG. 
 Spearman correlation 
coefficient 
 Linear model 
5) Differences in δ15N and δ13C isotope signatures among the 
different broad classes (POM, micronekton and swordfish) 
between the EAFR and ISSG.  
  MANOVA 
 Kruskal-Wallis  
 Pairwise Wilcoxon test 
 
To check for normality, the residuals (difference between observed and expected values) were plotted 
on histograms and qq-plots in R, and visually checked (Quinn and Keough, 2002).Shapiro-Wilks test 
of Normality were also carried out in the statistical package R. To check for homoscedasticity, a 
scatterplot of the standardized residuals against the fitted values was drawn and checked visually 
(Quinn and Keough, 2002). The residuals should roughly form a “horizontal band” around the “0” 
line.  
 Accumulation curves were plotted in Microsoft Excel to investigate the sampling efforts of trawls 
and swordfish between the EAFR and ISSG. The species richness values, obtained from diversity 
tests using the statistical package Vegan in R, were plotted against the trawl or stomach number.  
 
Isotopic niches were determined using the Stable Isotope Bayesian Ellipses in R (SIBER) package for 
R version 3.1.3. The trophic niche width (standard ellipse corrected area, SEAc calculated using 
Bayesian inference) of each broad class (POM, zooplankton, micronekton and swordfish) was 




N biplot based on all the individuals 
within the group. Comparisons of the isotopic niche width of each broad category were made between 
the standard ellipses (which might reflect the feeding strategy) of each category and between the 
EAFR and ISSG.   
Data on the feeding habits of micronekton species were obtained from the literature. .Mesopelagic 
fishes are thought to prey on a wide variety of prey but mainly on copepods, amphipods, euphausiids 
and ostracods (Young et al., 2015). They were thus classified as carnivores, i.e. organisms feeding on 
secondary consumers (zooplankton) and tertiary consumers (other fish species).  Squids were also 
Chapter III Materials and Methods  Pavanee Annasawmy 
20 
 
classified as carnivores since they are known to prey on copepods, amphipods, euphausiids, larvae 
and fries of carnivorous fish (Arkhipkin et al., 1998), and also on lanternfishes (for larger-sized squid 
specimens) (Young et al., 2015). Crustaceans were classified as omnivores since they feed on 
zooplankton, euphausiids and copepods, and they are also known for occasional herbivory (Tanaka et 
al., 2007). Gelatinous organisms on the other hand, were classified as filter feeders. Leptocephali 
larvae, being reported to feed on detrital materials (Otake et al., 1990), were classified as detritivores. 
These micronekton organisms were segregated in terms of their nitrogen and carbon stable isotope 
ratios using statistical tests such as ANOVA (Analysis of Variances) in R to determine the influence 
of diet on carbon and nitrogen stable isotope ratios in the tissues. 
For meaningful comparisons and since isotope analyses were not conducted on copepods during 
MESOP, the trophic levels of fishes, crustaceans, squids and swordfish from the EAFR, were 
calculated using Salpa maxima (which has an average δ
15
N value of 5.1 in the EAFR) as the primary 
consumer species.  




IV.1 Environmental characteristics of the ISSG province 
 
At the time of the cruise, mesoscale anticyclonic eddies of moderate amplitude were recorded in the 
ISSG province (at stations 1, 3, 13-18) as shown by the positive SLA in Figure 5A.  A cyclonic eddy 
was recorded at station 10 on 28 March 2010, characterized by a negative sea level anomaly (Figure 
5B).  
(A)                                                                             (B) 
  
 
Surface currents were stronger at the edge of mesoscale eddies and decreased in strength towards the 
centre of cyclones (clockwise rotation) and anticyclones (anticlockwise rotation) (Figure 6A).  The 
mean (± S.D.) current velocity was faster in the top 400 m below the sea surface (0.19 ± 0.11 ms
-1
) 
and slowed with depth (Figure 6B). The mean (± S.D.) eddy kinetic energy calculated at the sampling 





Figure 5 (A) Sea level anomaly (cm) at the hydrographic stations of the cruise MICROTON plotted against the station 
number. The stations at which SLA was recorded are labelled on the line graph. (B) SLA map showing the 
MICROTON cruise transect on the 28 March 2010. Stations 1, 2, 3, 6, 7 and 13-18, found at the edge of anticyclonic 
eddies (red), had positive SLA whereas station 10, found at the edge of a cyclonic eddy (blue), had negative SLA. The 
color bar indicates sea level anomalies (cm). 
 

























     (B) 
 
 
Nitrate concentrations were below the minimum level of detection in the first 200 to 400 m below the 
sea surface and increased gradually with depth till 1000 m where 30 µmol L-1 was recorded (Figure 
7A). The highest concentrations of chlorophyll-a were recorded between 100 to 200 m depth (at the 
DCM) at stations 1 and 3 (mean value ± S.D. of 0.11 ± 0.07 µg L-1) and low concentrations were 
recorded between stations 6 to 18, with mean (± S.D.) of 0.06 ± 0.04 µg L-1 (Figure 7B). The surface 
water during MICROTON had an average (± S.D.) temperature of 27.3 ± 0.6°C (Figure 7C).  
Figure 6 (A) Quiver plot showing the surface currents (calculated from sea surface topography) in the ISSG 
province during MICROTON on 28 March 2010 (relative scale). (B) Vertical section plot of L-ADCP currents 
(in m s-1) during MICROTON cruise for stations 1 to 18. Vertical lines correspond to the stations with L-ADCP 
profiles. Color bar represents the current velocity (m s-1). 










































The average (± S.D.) nitracline and DCM depths were calculated as 98.3 ± 27.8 m and 116.4 ± 11.8 m 
respectively. The average (± S.D.) thermocline depth was 179.6  ± 49.8 m and was similar across all 
the stations (except at station 10 where the thermocline was calculated as 97 m below the sea 
surface).Troughs in the nitracline corresponded to stations where anticyclones were present and a 
Figure 7 Vertical distributions in MICROTON of (A) nitrate concentrations (µmol L-1), (B) chlorophyll-a 
concentrations (µg L-1), (C) temperature (°C) for stations 1 to 18. Vertical lines and dots correspond to the 
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crest at station 10 (caused by a cyclonic eddy) showed the upwelling of cold, nutrient-rich waters 
from deep to surface layers (Figure 7A).  
The mean concentrations of TChla (total chlorophyll-a), PPC (photoprotective carotenoids) and PSC 
(photosynthetic carotenoids) found at the surface (0 m and 5 m) and at the DCM in the ISSG are 
shown in Table 2. The  ratios of the total amount of chlorophyll-a to total pigments (TChla/TP), of the 
total amount of PPC to total pigments (PPC/TP) and of the total amount of PSC to total pigments 
(PSC/TP) were calculated. The relative mean percentages of diatoms, flagellates and prokaryotes are 
also given in Table 2 (see APPENDIX B for all calculations). 
Table 2 Phytoplankton pigment concentrations recorded during MICROTON in the ISSG, their concentrations 
relative to the total and relative contributions by different taxonomic groups.   
MICROTON 
N=9 
Mean ± S.D. 
Surface (5 m) DCM 
TChla (mg m
-3
) 0.07 ± 0.01 0.24 ± 0.03 
PPC (mg m
-3
) 0.10 ± 0.01 0.12 ± 0.01 
PSC (mg m
-3
) 0.03 ± 0.00 0.15 ± 0.02 
TP (mg m
-3
) 0.22 ± 0.02 0.61 ± 0.06 
TChla/TP 0.32 ± 0.02 0.39 ± 0.03 
PPC/TP 0.46 ± 0.02 0.19 ± 0.01 
PSC/TP 0.15 ± 0.01 0.25 ± 0.03 
Diatoms (%) 9.35 ± 1.12 5.16 ± 0.96 
Flagellates (%) 34.94 ± 2.06 76.75 ± 1.29 
Prokaryotes (%) 55.30 ± 2.97 17.30 ± 1.93 
 
A higher mean (± S.D.) concentration of total pigments (0.61 ± 0.06 mg m
-3
) was observed at the 
DCM compared to the surface (0.22 ± 0.02 mg m
-3
) at 5 m. There was a relatively higher percentage 
of the total biomass of prokaryotes at the surface (55.30   2.97% at 5 m) than at the DCM where the 
mean (± S.D.) relative percentages was 17.30   1.93%. Flagellates showed the opposite pattern, with 
a greater percentage of the relative biomass at the DCM (76.75  1.29%), and reduced percentages 
near the surface (34.94   2.06%). Diatoms were equally distributed between surface waters and the 
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Figure 8 (A) Sea level anomaly at the hydrographic station of the first leg of MESOP 2010, plotted against the station 
number. (B) SLA map showing the cruise transect on 16 April 2010. Stations 2, 8, 12 and 14 found at the edge of 
anticyclonic eddies (red), and stations 9-11, found in the centre of anticyclones, had  positive SLA whereas stations 4-6 




IV.2 Comparison of environmental characteristics from the EAFR and ISSG  
 
Variations in sea level anomalies in the EAFR (ranging from -40 cm to 40 cm) at the sampled stations 
were much higher than the variations in SLA observed in the ISSG (ranging from -8 cm to 20 cm). 
Mesoscale features were observed during MESOP 2010 as shown by the positive SLA (anticyclones) 
at stations 2, 8-11, 14 and 15 whereas a sharp decrease in SLA (corresponding to cyclones) was 
observed at stations 4-6 and 16-19  (Figure 8A). 
 
 
Similar to results in the ISSG province, surface currents were strong at the edge of mesoscale eddies 
and decreased in strength towards the centre of mesoscale features in the EAFR, with the fastest 
currents recorded at stations 2, 3, 13 and 19 (Figure 9A, B). Surface currents in the MZC were 
stronger than surface currents in the ISSG, ranging from 0.25 to 1.25 m s
-1
 (Figure 9B). Mean (± S.D.) 





, which is six times greater than the mean eddy kinetic energy recorded in the ISSG province 
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The sea surface color image (Figure 10A), averaged over an 8-day period, shows the ISSG province 
in the blue spectrum, characterised by low levels of nutrients and low chlorophyll concentrations. The 
vertical distribution of nitrates in the EAFR were similar to the distribution observed in the ISSG 
province, with nitrate concentrations increasing from the surface to deeper layers (Figure 10B). The 
13 
Figure 9 (A) Quiver plot showing the surface currents (calculated from sea surface topography) in the 
EAFR during MESOP on 16 April 2010. (B) Vertical section plot of L-ADCP currents (in m s-1) during 
MESOP 2010 for stations 1 to 19. Vertical lines indicate stations with L-ADCP profiles and the color bar 
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EAFR province had enhanced levels of chlorophyll-a and other pigments, with a mean (± S.D.) 
chlorophyll-a value of 0.29 ± 0.13 µg L-1, measured across all stations during the MESOP 2010 
cruise. Surface chlorophyll-a concentrations recorded during MICROTON were much lower (mean ± 
S.D. of 0.03 ± 0.01 µg l-1) (Figure 10C) across all stations (W= 342, P < 0.05). Warmer temperature 
(29.8 ± 0.3°C on average) was recorded in the surface layer during MESOP 2010 (Figure 10D) 





































Mesoscale eddies (a cyclone and two anticyclones) are shown in Figure 10A close to the Mozambique 
coast which has high SSC values. Surface chlorophyll filaments are shown to extend from the coast 
into the MZC. On average, the nitracline and mean DCM depths were much shallower during MESOP 
2010 than during MICROTON and were found at mean (± S.D.) depths of  70.4 ± 24.2 m and 76.3 ± 
16.7m respectively (DCM: W=8, P < 0.05, nitracline: W= 37.5, P < 0.05). There was also an 
expansion in the vertical distribution of nitrates from surface to deeper layers during MICROTON, 
corresponding to the general deepening of the vertical structures in the (anticyclonic) subtropical gyre. 
Compared to the EAFR, the surface layer was relatively poor in nutrients in the ISSG, resulting in 
lower levels of primary production. The average (± S.D.) thermocline depth (179.6  ± 49.8 m)  
recorded during MICROTON was deeper than the mean (± S.D.) thermocline depth (138.5 ± 46.7 m) 
during MESOP 2010 (W= 98, P < 0.05). 
Troughs in the nitracline, DCM and thermocline can be observed at stations in the centre or at the 
periphery of anticyclonic eddies (8-11 and 13-15), whereas stations found in the centre or at the 
periphery of cyclonic eddies showed a rise in the average depths of the nitracline, DCM and 
thermocline (Figure 10). The thermocline rose to a depth of 60 m in the presence of a cyclonic eddy 
Figure 10 (A) Satellite image of chlorophyll-a distribution in the EAFR and ISSG, integrated over an 8-day period, 
from 30 March to 6 April 2010 (MODIS, 03/30 to 04/06/2010). The red arrows show the presence of anticyclonic 
eddies (AC) and the yellow arrow shows a cyclonic eddy (C) in the MZC. Vertical distributions during MESOP 
2010 of (B) nitrate concentrations (µmol L-1) for stations 1 to 18, (C) chlorophyll-a concentrations (µg L-1) and (D) 
temperature (°C) for stations 1 to 19. Vertical lines and dots correspond to the stations with CTD profiles.  
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(station 17) during MESOP 2010 and fell to a minimum depth of 209 m in the anticyclone (station 
10). Similar patterns were observed for the nitracline and DCM with a rise up to 5 m in the nitracline 
depth at station 19 and a rise up to 40 m in the DCM depth at station 18 (cyclonic eddy). In the 
presence of an anticyclonic eddy, the nitracline was recorded at a minimum depth of 105 m (station 
11) and the DCM was at a minimum depth of 108 m (station 9).  
Total pigments in the EAFR exhibited a similar pattern as in the ISSG province, with higher mean (± 
S.D.) concentrations at the DCM (0.91 ± 0.35 mg m
-3
) compared to the first 5 m below the sea 
surface, where a mean (± S.D.) concentration of 0.34 ± 0.07 mg m
-3
 was observed (Table 3). The total 
pigment concentration was 20% higher in the EAFR than the ISSG province. Similar to the ISSG, a 
greater relative percentage of the biomass of prokaryotes (63.84   8.12%) was calculated at 5 m in 
the EAFR, compared to the DCM, where only 13.27   3.10% was present. The percentage of 
flagellates was greater at the DCM (79.57  4.26%) compared to 5 m depth (31.72   7.06%). 
Table 3 Phytoplankton pigment concentrations recorded during MESOP 2010 in the EAFR, their concentrations 
relative to the total and relative contributions by different taxonomic groups 
MESOP 2010 
N=22 
Mean ± S.D. 
Surface (5 m) DCM 
TChla (mg m
-3
) 0.15 ± 0.04 0.37 ± 0.13 
PPC (mg m
-3
) 0.12 ± 0.02 0.10 ± 0.05 
PSC (mg m
-3
) 0.05 ± 0.02 0.27 ± 0.11 
TP (mg m
-3
) 0.34 ± 0.07 0.91 ± 0.35 
TChla/TP 0.44 ± 0.04 0.41 ± 0.03 
0PPC/TP 0.35 ± 0.06 0.11 ± 0.01 
PSC/TP 0.14 ± 0.02 0.30 ± 0.02 
Diatoms (%) 4.45 ± 1.53 6.09 ± 2.62 
Flagellates (%) 31.72 ± 706 79.57 ± 4.26 
Prokaryotes (%) 63.84 ± 8.12 13.27 ± 3.10 
 
At 5 m depth, the percentage of the total biomass of diatoms in the ISSG (9.35 ± 1.12%) was twice 
that for the EAFR (4.45 ± 1.53%), whereas the percentage of prokaryotes was greater in the EAFR 
(63.84 ± 8.12%) than the ISSG (55.30 ± 2.97%). 
In summary, the ISSG province is a region with low mean eddy kinetic energy, weak surface currents 
and low mesoscale activity compared to the EAFR. The DCM, nitracline and thermocline depths are 
also deeper in the water column compared to the EAFR due to the anticyclonic subtropical gyre, with 
Chapter IV Results  Pavanee Annasawmy 
30 
 
occasional shoaling in the DCM, nitracline and thermocline in the presence of cyclonic eddies (which 
are relatively scarce in the ISSG). The chlorophyll-a and total pigment concentrations recorded during 
MICROTON were higher at the DCM than at 5 m and both chlorophyll-a and total pigment 
concentrations were higher in the EAFR than ISSG. A greater biomass of flagellates was found at the 
DCM whereas prokaryotes were mainly concentrated at the surface in both the ISSG and EAFR.  
For the sake of clarity, results from acoustic and trawl surveys and stomach content analyses are 
presented in both the ISSG and EAFR in the following sections.  
 
IV.3 Results of acoustic surveys in the ISSG and EAFR  
 
Acoustic densities recorded between 
0 and 740 m in the ISSG province 
were 50% greater during the night 
than during the day with different 
distributions across the three depth 
categories (Figure 11) (W= 28984, 
n=1895, P < 0.05).  During night 
time, approximately 75% of the total 
acoustic densities were found in the 
surface layer (between 10-200 m) 
whereas only 20% were found in the 
deep layer (between 400-740 m) in 
the ISSG. During day time, 60% of 
acoustic densities were found in the 
deep layer whereas 30% were found 
in the surface layer. During MICROTON, the intermediate layer gathered approximately 5% of the 
acoustic densities during the night and 10% during the day.  
Figure 11 Mean sA in EAFR and ISSG for day (D) and night (N) data. 
Purple portion of the bar chart represents the sA in the surface layer (10-
200 m), middle blue portion represents the sA in the intermediate layer 
(200-400 m) whereas the pale blue portion represents the sA in the deep 
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2 .nmi-2) 
Figure 12 Mean ± (S.D.) vertical profiles during the day and night in the EAFR and ISSG. The total acoustic 
densities, recorded in the EAFR and ISSG during the day and night, is given. The indicators 50% (green) and 
75% (red) show the maximum depths reached by 50% and 75% of these acoustic responses from the sea surface.  
 
Significant differences in the acoustic densities were found in all thirty-seven 20 m-depth layers (L10-
20, L20-40, L40-60….L720-740) between day and night (Kruskal-Wallis test, n= 1895, P < 0.05).  
In the EAFR province, approximately 65% of acoustic densities were recorded in the surface layer 
(10- 200 m) during the night, whereas only 28% were found in the deep layer (400-740 m) (Figure 
11). The surface layer gathered 17% of acoustic densities during the day whereas 76% were recorded 
in the deep layer. The intermediate layer in the EAFR had a greater percentage of acoustic densities 
than the ISSG during the day (approximately 6%) and a lower percentage during the night (12%).  
Mean vertical profiles (Figure 12) show the depths at which 50% and 75% of the acoustic responses 
(calculated from the sea surface) were found in the water column.  
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The day time mean vertical profile in the ISSG is flatter than the day time vertical profile in the 




 recorded in the ISSG (Figure 12). During 
the day, 50% and 75% of the micronekton acoustic densities were found between the sea surface and 
maximum depths of 480 and 600 m respectively in the ISSG province. During the night, most of the 
micronekton acoustic estimates were found between the surface and maximum depths of 100 and 160 
m in the ISSG province. During the night in the ISSG, 25% of the acoustic densities were recorded 
between 100 and 160 m and 25% were recorded below 160m.  
In the EAFR, the 50% indicator showed the night time acoustic estimates to be distributed in the 
shallow layer (between the surface and a maximum depth of 100 m) whereas the 75% indicator 
showed that 75% of the acoustic responses were distributed from the surface to a maximum depth of 
440 m. Therefore, more than 25% of the acoustic responses were distributed in the deep layer 
(between 400 and 740 m) during the night in the EAFR. A pronounced bi-modal distribution was 
observed during the day and night in the EAFR province. Acoustic data from the EAFR showed 
significant differences between day and night in the depths at which 50% (W= 380813, n= 1252, P < 
0.05) and 75% (W= 365494, n= 1252, P < 0.05) of the total sA were reached. 
There were also differences in the EAFR and ISSG in the depths at which 75% of the total sA were 
reached during the day (W= 115800, n= 1895, P < 0.05) and night (W= 166967, n= 1895, P < 0.05).  
 
IV.4 Micronekton assemblage in the ISSG and EAFR 
 
A total of 346 micronekton organisms from 35 taxa were identified in trawls in the ISSG province. 
Micronekton taxa were broadly divided into four categories: gelatinous organisms (for example, Salpa 
maxima and Pyrosommatida spp.), crustaceans (e.g. Funchalia taaningi), fishes (e.g. Diaphus spp.) 
and squids (e.g. Sthenoteuthis oualaniensis). Fishes dominated the total catch (61% by number) 
representing 19 genera and 27 species. Gelatinous organisms and squids represented 16% (by 
number) of the total catch whereas crustaceans represented 7% (Figure 13). 
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The proportion of fishes in the catch decreased by 20% from day time to night time. Proportions of 
the three other categories of micronekton increased from day time to night time (by 9% for gelatinous 
organisms and 10% for crustaceans whereas a small 1% increase was observed for squids from day to 
night (Figure 13). 
 
 
The distributions by depth layer were different for the different groups in the ISSG province. Among 
the micronekton, fishes dominated the total catch in deep and surface layers with a decrease of 10% 
from the surface to the deep layers. Gelatinous organisms had a similar pattern, with a 15% decrease 
from the surface to deep layers. The proportion of squids increased from the surface to the deep trawls 
whereas crustaceans, which were absent from surface trawls, represented 19% of the catch observed 
in deep trawls (Figures 13). 
                   Legend 
                   Gelatinous 
                   Fishes  
                   Crustaceans 
                   Squids 
(A) Day and night; shallow  
and deep layer (total of 19 
trawls)  
(B) Day (5 trawls in deep 
layer, 2 trawls in shallow 
layer)  
(C) Night (10 trawls in 
shallow layer, 2 trawls in 
deep layer) 
(D) Shallow layer (10 – 200  
m) 






















          
          
          
          
Figure 13 Pie charts of the percentage of micronekton caught in trawls during (A) day and night across all depth 
categroies; (B) day and (C) night across all depth categories; (D) shallow layer (0-200 m) and (E) deep layer (400-
600 m) during the day and night in the ISSG province. 
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Within the micronekton, fishes from the Myctophidae family (Ceratoscopelus, Benthosema and 
Diaphus) were the most widely caught in the ISSG (Figure 14). The fishes, Diaphus and 
Ceratoscopelus, and the crustacean, Thysanopoda, were dominant in trawl surveys in the EAFR 
province. Among the 11 most abundant micronekton samples, the only squid specimen present was 









































Most common organisms found in trawl surveys 
EAFR 
Figure 14 Percentage (by number) of the 11 most abundant organisms caught by trawls in the 
ISSG and EAFR. Red bars represent crustaceans, pink bars represent mesopelagic fishes and 
purple bars represent squids.  
 






All broad categories of micronekton were systematically found in greater numbers in trawls from the 
MZC compared to trawls in the ISSG province both during the day and night (MANOVA, Wilk’s 
Lambda1, 2, 3= 0.72, 0.71, 0.91, df1=57, P < 0.05 for region; P < 0.05 for day/night; P = 0.29 for 
interaction between region and day/night). There was a significant difference between the EAFR and 
ISSG in the numbers of gelatinous organisms and fishes caught in trawls but no significant differences 
were found for crustaceans and squids, with these organisms being caught least frequently in both 
provinces (Pairwise Wilcoxon tests, Gelatinous: W= 644.5, df1= 38, df2= 18, P < 0.05; Crustaceans: 
W= 471.5, df1= 38, df2= 18, P = 0.10; Fishes: W= 497.0, df1= 38, df2= 18, P < 0.05; Squids: W= 
390.5, df1= 38, df2= 18, P =0.75).  
Compared to trawl surveys, swordfish sampled a greater proportion of squids, especially of the genus 
Ommastrephes, in the ISSG. The fishes Scopelarchus and Myctophum were the most abundant genera 
recovered in the stomach contents of swordfish in the EAFR province (Figure 16). The micronekton 
organisms, Ommastrephes, Diaphus, Diretmichthys, Onykia, Sthenoteuthis, and Cubiceps were caught 
Figure 15 Comparisons between trawls in the EAFR and ISSG (day and night included) 
of the numbers of gelatinous organisms (Go), crustaceans (C), fishes (F) and squids (S) 
represented by yellow, red, pink and purple bars respectively. 
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by this top predator in both provinces whereas gelatinous organisms were the rarest items found in 




There was a significant difference in the occurrence of crustaceans (W= 253, n= 38, P < 0.05), fishes 
(W= 3912.5, n= 131, P < 0.05) and squids (W= 664, n= 56, P < 0.05) in trawls and swordfish 
stomachs, with a greater percentage of squids found in the stomach content of Xiphias gladius (Figure 
16). No significant differences were found in the occurrence of gelatinous organisms in trawls or 
swordfish stomach content (W= 8, n= 9, P = 0.14).  
A significant difference was found between the ISSG and EAFR provinces in the abundance and 



































Most common genera found in swordfish stomach content 
EAFR 
Figure 16 Percentage (by number) of the 11 most abundant organisms found in the stomachs of Xiphias gladius in 
the ISSG and EAFR. Red bars represent crustaceans, pink bars represent the fishes and purple bars represent 
squids.  
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W= 420.5, n= 58, P < 0.05). Stomach contents of Xiphias gladius, caught in the EAFR and ISSG, also 
showed significant differences in the species richness and abundance of micronekton (Shannon 
diversity index: W=11171, n= 261, P < 0.05; Species richness: W= 11375.5, n= 261, P < 0.05) with a 
greater abundance of species in swordfish stomach content from the EAFR province (Figure 17A).  
The species accumulation curves for trawl and stomach content data do not have a well-defined 
plateau. The trawl species richness in the ISSG province was greater than in the EAFR, although 
fewer trawls were carried out in the ISSG (19 trawls in total). Extrapolation of the fitted trawl 
logarithmic curve for the ISSG (dashed red line in Figure 17B) shows that if the same constant effort 
was applied, a greater number of new species might have been identified during MICROTON than 








































Figure 17 Species accumulation curves for the EAFR and ISSG from (A) swordfish stomach contents and (B) 
trawl data. Error bars are the corresponding standard deviations shown in black. Extrapolation of the data 
series for ISSG is shown by the red broken line.  




IV.5 Stable isotope analysis (the ISSG province) 
 
The nine broad categories (listed in Table 4) were segregated by their isotope signatures of both 
nitrogen (Kruskal-Wallis chi-squared = 452.1, df = 8, P < 0.05) and carbon (Kruskal-Wallis chi-
squared = 485.2, df = 8, P < 0.05). 
POM-Fmax (5.6 ± 0.9‰), zooplankton (5.1 ± 0.9‰) and gelatinous organisms (5.3 ± 1.9‰) had 
approximately similar mean (± S.D.) values of δ
15
N (Pairwise Wilcoxon tests, P > 0.05), but they 
were distinguished by their δ
13
C values. Gelatinous organisms differed significantly in their δ
15
N 
values from crustaceans, squids and swordfish (Pairwise Wilcoxon tests, P < 0.05).The mean (± S.D.) 
nitrogen isotope values of fishes (8.7 ± 1.5‰) and squids (8.9 ± 1.4‰) were more similar than the 
mean (± S.D.) nitrogen isotope values of crustaceans (7.8 ± 1.9‰) (Table 4).  











values (in ‰) 
Mean ± S.D. 
Swordfish 15.1 ± 0.4 -16.7 ± 0.3 
Squids 8.9 ± 1.4 -17.6 ± 0.7 
Fishes 8.7 ± 1.5 -18.4 ± 0.5 
Crustaceans 7.8 ± 1.9 -18.0 ± 0.3 
Gelatinous  5.3 ± 1.9 -20.3 ± 1.1 
Mysids 5.4 ± 0.8 -20.6 ± 0.3 
Copepods 4.7 ± 0.9 -20.9 ± 0.4 
POM-Surf 6.3 ± 0.8 -24.0 ± 0.3 




N stable isotope values of POM ranged from 3.9 to 7.3‰. Zooplankton δ
15
N isotope signatures 
ranged from 2.6 to 6.7‰. Micronekton (crustaceans, fishes and squids) had the largest range in δ
15
N 
(3.0 to 13.5‰) with a mean (± S.D.) of 8.4 ± 1.7‰. Swordfish specimens in the ISSG exhibited the 
highest δ
15
N isotope values, ranging from 13.8 to 16.2‰, with a mean (± S.D.) of 15.1 ± 0.4‰.  
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18 Bivariate plot of δ15N and δ13C values (‰) for POM (found at the DCM and at the surface), copepods, 
mysids, gelatinous organisms, crustaceans, mesopelagic fishes, squids and swordfish in the ISSG province. 
Standard ellipse areas (coloured solid lines) provide estimates of the isotopic niche area of each of these 
categories, calculated using SIBER. The squid species, Histioteuthis hoylei and Ommastrephes bartramii are 
shown by the broken arrows. 

























C (Figure 18) showed a clear segregation between POM, zooplankton, 
micronekton (crustaceans, fishes and squids) and swordfish (MANOVA, Wilk’s lambda, df1 = 8, df2 = 
581, F1176=522.5, P < 0.05).  
The standard ellipses of POM-Surf and POM-Fmax partially overlapped (Figure 18) and no 
significant differences were found in the  δ
15
N stable isotope values of POM-Surf and POM-Fmax 
(Pairwise Wilcoxon test, P = 0.18).  The standard ellipse area (SEA) of gelatinous organisms 
encompassed those of the two zooplankton types, with gelatinous organisms displaying a wider 
isotopic niche width (SEAc= 6.36) than copepods (SEAc= 1.31) and mysids (SEAc= 0.68). 
Crustaceans, fishes and squids also had overlapping standard ellipses, with mesopelagic fishes and 
squids having more similar niche widths (SEAc= 2.39 and 2.83 respectively) than crustaceans (SEAc= 
1.56). However, crustaceans, fishes and squids could not be differentiated by their δ
15
N isotope 
signatures (Pairwise Wilcoxon tests, P > 0.05).  
Pairwise comparisons showed that the carbon stable isotope values of gelatinous organisms and 
zooplankton were not significantly different (P = 1.00). All other means differed significantly in their 
δ
13
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Figure 19 Box and Whisker diagrams showing the medians (thick black line in box plots), the interquartile ranges, 
(Q1 to Q3), and the spread of δ
15N and δ13C values (‰) across four different feeding modes of micronekton – 
carnivores (represented by blue boxes), omnivores (purple boxes), filter feeders (magenta boxes) and detritivores 
(pale pink boxes). 




C stable isotope 
values of consumers generally increased. With the copepod group chosen as primary consumer 
species (estimated trophic level of 2.0); the estimated trophic levels of the three broad classes 
(crustaceans, fishes and squids) were 2.98, 3.24 and 3.32 respectively. These micronekton taxa were 
therefore found at higher trophic levels than POM, gelatinous organisms and zooplankton.  
Additionally, within the squids sampled, estimated trophic levels ranged from 3.09 (Abraliopsis 
spp.with mean (±S.D.) δ
15
N value of 8.23 ± 0.71‰), to 4.10 (for one Ommastrephes bartramii 
specimen with δ
15
N value of 11.42‰) and 4.73 (for one Histioteuthis hoylei specimen with δ
15
N value 
of 13.45‰). Some of the crustaceans and fishes were found at a lower trophic level than squids, 
having estimated trophic level values of 2.34 (crustacean Funchalia taaningi with mean (±S.D.) δ
15
N 
value of 6.05 ± 0.83‰) and 2.33 (mesopelagic fish Lestrolepsis intermedia with mean (±S.D.) δ
15
N 
value of 5.78 ± 0.58‰). Swordfish specimens had higher trophic level values (5.26) than the other 
categories. Organisms with different feeding regimes had significantly different δ
15
N (ANOVA, 
F3,341= 38.0, P < 0.05) and δ
13





values for carnivores (mostly mesopelagic fishes and squids) and omnivores (mainly crustaceans) 
partially overlapped (Figure 19). For δ
13
C values, two groups can be observed: detritivores- filter 
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Pairwise comparisons showed the δ
15
N values of filter feeders, detritivores, omnivores and carnivores 
to be different (P < 0.05). Organisms from the two groups (omnivores and carnivores, filter feeders 
and detritivores) rely on different food sources (Pairwise Wilcoxon tests, P = 0.27 for δ
13
C isotope 
signatures of carnivores-omnivores and P = 0.51 for δ
13
C isotope signatures of filter feeders- 
detritivores).  
Figure 20 shows the progression in trophic levels of the micronekton, from detritivores (found at the 









No clear relationship was found between δ
15
N stable isotope 
values and the size (in mm) of the carnivorous micronekton 
species (Figure 21) collected in trawls in the ISSG 
province (r=0.04, F= 0.66, n=270, P = 0.4). 
 
 
Figure 20 Box and Whisker diagram showing the medians (thick black line in box plots), the interquartile ranges, 
(Q1 to Q3), and the spread of trophic level values across four different feeding modes (carnivores, omnivores, 
detritivores and filter feeders) of micronekton in the ISSG. 
Figure 21 Scatter plot showing the relationship 
between δ15N isotope values (‰) and the size of the 
carnivores of micronekton (mm). 
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The relationships between the δ
15
N isotope values of two squid specimens (S. oualaniensis and 
Abraliopsis spp.) and three fish taxa (C. warmingii, L. intermedia and S. evermanni) and size (mm) 
were not straightforward (Figure 22). However, there is a clear distinction in the sizes of organisms 
between the ISSG and EAFR. For the same body length, organisms from the EAFR tended to have 
higher δ
15










A positive relationship was found between δ
15
N values of swordfish tissues and sizes (mm) of 
swordfish in both the EAFR and ISSG. 
Figure 22 δ15N values (‰) plotted against body lengths (mm) for (A) Sthenoteuthis oualaniensis, (B) 
Ceratoscopelus warmingii, (C) Abraliopsis spp., (D) Lestrolepsis intermedia and (E) Symbolophorus evermanni. 
Body lengths included dorsal mantle lengths (mm) for (A) and (C); standard lengths (mm) for (B), (D) and (E) 
in the EAFR (blue) and ISSG (red).  
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N values of swordfish also differed significantly as a function of size and region (Linear 
model, F2, 349= 345, P < 0.05) (Figure 23). In the EAFR, the lower δ
15
N values of swordfish were, 
mean (± S.D.) 11.1 ± 0.64‰, for smaller-sized individuals having mean (± S.D.) body lengths of 864 
± 156 mm.  Individuals having body lengths of 1593 ± 323 mm had higher mean (± S.D.) δ
15
N values 
(14.4 ± 0.37‰) in the EAFR. Larger-sized (body length > 1000m) swordfish specimens in the ISSG 
had mean (± S.D.) δ
15
N values of 15.1 ± 0.36‰. 







Fitting a linear regression to δ
15
N values of swordfish against size and extrapolating the line of best fit 
shows that, overall, there is no continuity in nitrogen isotopes between the size of the predators and 
the size of the micronekton sampled in the ISSG whereas there is a continuity in the nitrogen isotopes 
between the size of micronekton and that of swordfish sampled in the EAFR (Figure 24). 
 
 
Figure 23 Scatter plot showing the relationship between δ15N values (‰) and the size of Xiphias gladius 
(mm) in the ISSG (red) and EAFR (blue). Simple linear regressions for δ15N values vs. body length 
(mm) are shown by red and blue lines.  
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Figure 24 Scatterplot showing the relationship between δ15N isotopic values (‰) and the size (mm) of 
swordfish (blue) and micronekton (black) in (A) the ISSG and (B) the EAFR, with the lines of best fit to 
the swordfish data in red. 


















C (Figure 25) showed a clear segregation between POM, micronekton and 
swordfish in the EAFR in both δ
15
N (Kruskal-Wallis chi-squared = 371, df = 6, P < 0.05) and δ
13
C 
values (Kruskal-Wallis chi-squared = 424, df = 6, P < 0.05). Stable isotope analysis was not carried 
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Figure 25 Bivariate plot of δ15N and δ13C values (‰) for POM (found at the DCM and at the surface), 
gelatinous organisms, crustaceans, fishes, squids and swordfish in the EAFR province. Standard ellipse 
areas (SEA, coloured solid lines) provide estimates of the niche area of each of these groups, calculated 
using SIBER. 



















The standard ellipse areas of POM-Surf and POM-Fmax did not overlap and each of these groups 
seemed to occupy a unique isotopic niche space. POM-Surf and POM-Fmax were segregated by their 
δ
15
N values (Pairwise Wilcoxon test, P < 0.05) but not by their δ
13
C values (Pairwise Wilcoxon test, P 
= 0.05) in the EAFR. Pairwise comparisons also showed that δ
15
N values of gelatinous organisms and 
POM- Surf did not differ significantly (P = 0.30) in the EAFR whereas the carbon isotope signatures 
of gelatinous organisms differed significantly from that of POM (Pairwise Wilcoxon tests, P < 0.05). 
Based on the standard ellipse areas, crustaceans, fishes and squids seemed to occupy the same trophic 
position (Figure 25). Compared to the ISSG, where there was a clear segregation between micronekon 
and swordfish, some of the micronekton organisms in the EAFR (notably the squids and mesopelagic 

















C values among all the broad categories in both the 
ISSG and EAFR (MANOVA, Wilk’s lambda, df1 = 1, df2 = 8, df3 = 6, df4 = 1105, P < 0.05 for region, 
broad class and for both the region and broad class).  
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POM-Surf in the EAFR had higher δ
15
N stable isotope values (from approximately 6 to 10‰) than 
POM found at the DCM and POM-Surf found in the ISSG (Figure 26A).There is a clear distinction in 
δ
13
C stable isotope values between POM, zooplankton, micronekton and swordfish, both in the ISSG 
and EAFR (Figure 26B).  
The estimated mean trophic levels of the micronekton broad classes were 3.17, 3.46 and 3.72 
respectively in the EAFR. The tissues of micronekton in the EAFR were more enriched in δ
15
N than 
tissues of micronekton from the ISSG with crustaceans, fishes and squids in the ISSG having 
estimated mean trophic levels of 2.98, 3.24 and 3.32 respectively. Micronekton in the EAFR were 






































































































































































































































































































































































   
   
   











V.1 Open ocean systems: from low to high trophic levels 
 
Although MICROTON covered only a small part of the ISSG province, results showed that the main 
environmental forcing in the region is the wide-scale Subtropical (anticyclonic) Gyre, which leads to a 
large physical downwelling, pushing nutrients (the nitracline) and chloroplyll (the DCM) deeper in 
the water column, therefore leading to an oligotrophic environment that impacts both low and high 
trophic levels.  
The oceanic low trophic levels are dominated by different groups of phytoplankton, which have 
developed adaptation mechanisms to their habitat. Prokaryotes, which have a high proportion of the 
photo-pigment PPC (photoprotective role) (Barlow et al., 2014), proliferate in oligotrophic 
environments (Cavicchioli et al., 2003), especially in the high irradiance, low nutrient surface 
environment (Table 2). Flagellates, having higher concentrations of TChla and PSC in their cells, are 
better adapted to survive in the low-light, nutrient-replete conditions of the DCM. DVChla is a 
pigment contributing to TChla (found to be abundant at the DCM) and is indicative of the prokaryotic 
group Prochlorococcus.  
With their small cell size, Prochlorococcus is capable of surviving at low resource concentrations 
(Ward et al., 2012) and in highly stratified oligotrophic waters, extending deeper in the water column 
(Christaki et al., 1999) than the second dominant prokaryotic group,  Synechococcus. In the equatorial 
Pacific Ocean, Prochlorococcus have been measured down to a depth of 150 m (Vaulot et al., 1995), 
whereas in the subtropical North Pacific Ocean, low concentrations of Procholorococcus were still 
observed at 200 m (Campbell and Vaulot, 1993). Prochlorococcus and Synechococcus, which are at 
the base of marine food webs, are shown to be dominant phytoplankton species in Figure 27 in the 
ISSG province (Alvain et al., 2008). 





Figure 27 Map, (derived from satellite SSC), of the standard phytoplankton groups dominating the world’s oceans. 
Distribution of nanoeukaryotes (deep blue), Prochlorococcus (green), Synechococcus (SLC, yellow) and diatoms (red) 
are shown (Alvain et al., 2008). 
 
The distribution of major phytoplankton groups in Figure 27 is, however, subjected to seasonal cycles 
and interannual variability (Alvain et al., 2008). Field studies have identified different patterns in 
Synechococcus and Prochlorococcus abundance. In the central and subtropical North Pacific Ocean, 
close to Hawaii island, Synechococcus abundance was reduced compared to Prochlorococcus 
(Campbell and Vaulot, 1993), whereas the opposite pattern was observed in the northern Indian 
Ocean, where Synechococcus was more abundant (Veldhuis and Kraay, 1993; Campbell et al., 1994). 
These phytoplankton groups are prey to numerous microzooplankton (Landry, 2002) in all ocean 
basins. 
Zooplankton is thought to act as a biological pump in marine ecosystems, connecting primary 
production and fish production (Fukuda et al., 2012). It is thought that the success and failure of the 
pelagic fishery is reliant, to a certain extent, on plankton availability (Gupta and Desa, 2001). 
Zooplankton production is generally low in open ocean systems compared to coastal waters, because 
waters bordering landmasses are more enriched with nutrients (Gupta and Desa, 2001). The zone 
between 20°S and 30°S in the Indian Ocean was reported to be poor in zooplankton (Gupta and Desa, 
2001). The thermocline which acts as a density barrier in tropical latitudes, limits the passage of 
nutrients in surface euphotic layers, hence limiting primary productivity (Voituriez, 2003). 
Zooplankton biomasses have been shown to be correlated with areas of high chlorophyll 
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concentrations (Huggett, 2014). The ISSG, having relatively low chlorophyll values, can hence limit 
the proliferation of zooplankton communities. In contrast, mean zooplankton biomasses in the 
western, central and north Pacific Ocean were found to be several orders of magnitude higher with 
values of 45.1 mg m
-3
, 25.4 mg m
-3
 and 21.5 mg m
-3
 during the winter months (Nagasawa, 2000), 
compared to the ISSG province. 
Water-column dynamics, such as shoaling of the thermocline during cyclonic events (even in an 
oligotrophic and relatively homogenous environment like the ISSG), can further add to the 
complexity of DVM patterns of zooplankton. The deeper the thermocline (as is the case in the ISSG 
province), the more it can impact on the distribution of zooplankton in the water column. For some 
surface communities, the thermocline is the limit of descent at dawn, whereas some deep populations 
will migrate up to the thermocline at dusk (Tait, 1980), thereby influencing the distribution pattern 
and DVM of micronekton populations. Many mesopelagic fishes, including the myctophids, were 
reported to halt at the base of the thermocline (Tyler, 2003) where there is probably a greater 
concentration of available prey items (Rissik and Suthers, 2000).  
The distribution of micronekton in the water column was investigated using hydroacoustic data. The 
majority of the acoustic responses detected during the survey can be attributed to migratory 
micronekton, usually distributed in the upper 200 m of the water column at night and migrating below 
400 m during the day. Those daily ascents and descents of the micronekton during crepuscular periods 
(dusk and dawn respectively) corresponded to the well-known process of diel vertical migration 
(Lebourges-Dhaussy et al., 2000). The largest changes in micronekton distribution between day and 
night were observed with hydroacoustics in the shallow layer (10-200 m), with smaller changes in the 
deep layer (400- 740 m) and the intermediate layer (200- 400 m) exhibiting almost no changes (Figure 
11). The shallow layer also showed a significant proportion of micronekon (25%) migrating slightly 
above the thermocline (between 100 and 160 m) at night. The mean vertical profile of acoustic 
densities was flatter during the day than night in the ISSG and the total acoustic response was greater 
during the night than the day, suggesting migration from layers deeper than 740 m, i.e. beyond the 
range of the 38 kHz transducer (Béhagle et al., 2014).  
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Trawl surveys provided information about the likely dynamics and vertical movements of each broad 
category of micronekton, with fishes and gelatinous organisms being more widely caught by nets 
across all depth categories, both during the day and night. The ten night trawls and two day trawls in 
the shallow layer (10- 200 m) caught a very low proportion of crustaceans and squids in the ISSG 
(Figure 13). However, net sampling is widely thought to undersample micronekton communities and 
hence underestimate their biomass (Kaartvedt et al., 2012, Young et al., 2015). Sampling gears do not 
capture mesopelagic fishes, crustaceans and squids quantitatively. This might be due to various 
influences such as extrusion through meshes (for smaller specimens) and net avoidance behaviour (for 
squids and fishes that are capable of rapid movement) (Brodeur et al., 2005; Kaartvedt et al., 2012). 
Soft-bodied gelatinous organisms can also undergo considerable damage in trawls, making 
identification impossible. Regardless of trawl type, acoustic abundance estimates always appear to be 
consistently higher by approximately one order of magnitude than net-based estimates (Kaartvedt et 
al., 2012). Furthermore, the question also arises of whether the 19 trawls sampled (as was the case 
during MICROTON) are representative of a whole ecosystem. However, despite such limitations, 
trawls are important for the sampling of biological samples for taxonomic identification, stable 
isotope analyses and hence investigation of the trophic position of organisms. 
Fishes, crustaceans and squids are important components of pelagic food webs since they are fed on 
directly or indirectly by most pelagic predators (Young et al., 2015). Important predators of 
micronekton, such as swordfish, mimic the vertical migration pattern of micronekton. Top predators 
are adapted to undergo DVM, descending in deeper layers during the day and returning to the mixed 
layer after dusk to feed and to recover from the thermal and oxygen dept acquired by day (Abascal et 
al., 2010). Swordfish has been reported to forage near the surface to a maximum of 90m at night and 
as deep as 650 m by day, with a maximum depth recorded at 900 m (Carey and Robison, 1981; 
Chancollon et al., 2006). A small proportion of micronekton was found to remain in deep layers at 
night and surface layers during the day (further discussed in section V.3). Being able to reach very 
deep waters, swordfish species thus have access to a large size range of prey (Ménard et al., 2007), 
both during the day and night.  
Chapter V Discussion  Pavanee Annasawmy 
52 
 
V.2 Trophic position of micronekton in the ISSG province 
 
Stable isotope techniques provide a practical method of measuring the trophic relationships between 
food web components. The enrichment of δ
15
N from one trophic level to the next provides a means to 
estimate the trophic level of individual taxa/size classes (Post, 2002). However for trophic level 
estimations, knowledge of the δ
15
N reference baseline value is necessary. Particulate organic matter 
(POM) sampled by filtration of sea water is often used to determine the reference value for the food 
base (Lorrain et al., 2015).  
Stable isotopes of carbon allow for discrimination of different sources of primary production, 
typically inshore vs offshore or pelagic vs benthic (Rubenstein and Hobson, 2004). The mean δ
13
C 
stable isotope values of gelatinous organisms were similar to those of the two zooplankton types 
(approximately -20‰) (Table 4). The micronekton groups (crustaceans, fishes and squids) had 
intermediate δ
13
C values (approximately -18‰) and swordfish had the lowest carbon isotope 
signatures (-16.7‰). Based on the δ
13
C values, four distinct groups can be identified. A small 
enrichment of 0.5- 1.0‰ in δ
13
C stable isotope values in animal tissues relative to their diets has been 
reported (DeNiro and Epstein, 1978; Michener and Kaufman, 2007). The predicted enrichment in 
13
C 
can clearly be seen across the four groups (POM, zooplankton, micronekton and swordfish) in the 
ISSG province.  
Within the micronekton, the δ
13
C isotope signatures of crustaceans, fishes and squids were found to be 
significantly different. The “isotope routing” effect might be different for the different taxa, especially 
concerning the allocation of energy for reproduction and somatic growth. Isotopically different dietary 
components can be allocated or “routed” unequally among a consumer’s tissues (Buchheister and 




N values of POM collected at the surface (POM-Surf) and at the DCM were 
exceptionally high (6.0 ± 0.9‰ recorded). Filtration of sea water allows detritus, microbial 
heterotrophs and microzooplankton to be analysed in addition to POM (Lorrain et al., 2015), yielding 





N values, as shown in this study conducted in an oligotrophic environment. For lack of a 
better baseline, copepods were used in trophic level estimations, despite potential seasonal and spatial 
variations in zooplankton isotope values. POM-Surf had higher δ
15
N and lower δ
13
C values than 
POM-Fmax. POM-Fmax is usually exposed to an enhanced level of phytodetritus and faecal pellets 
from the euphotic zone (Fanelli et al., 2011). This can be illustrated by the standard ellipse of POM-
Fmax which was skewed to the right and was spread over a wider range of δ
13
C values than the 
standard ellipse of POM-Surf (Figure 18). However, both share the same isotopic niches and, 
statistically, no significant differences were observed between surface POM and POM found at the 
DCM.  
The zooplankton copepods and mysids had mean δ
15
N values of 5.1 ± 0.9‰. Micronekton 
(crustaceans, fishes and squids) and swordfish had higher nitrogen isotope signatures than 
zooplankton (Table 4). An averaged 
15
N enrichment of 3.3‰ was observed between zooplankton and 
micronekton as a whole, which agrees with the + 3.4 ± 1.1‰ enrichment in δ
15
N per trophic level 
identified by Minagawa and Wada (1984). These two groups are therefore found at successive trophic 
levels (trophic level of 2 for zooplankton and averaged trophic level of 3.18 for micronekton). 
Twice the average enrichment factor was found between Xiphias gladius and the micronekton 
specimens sampled during the trawl surveys (average enrichment value of 6.7‰). It seems that one 
trophic level is missing between the micronekton sampled by trawls (average trophic level of 3.18) 
and swordfish, which were found to have an average trophic level of 5.26. The trawl surveys therefore 
poorly sampled the micronekton organisms that are being directly preyed upon by swordfish. These 
top predators are known to feed on large organisms (such as Histioteuthis hoylei and the large “flying 
squid”, Ommastrephes bartramii), capable of net avoidance behaviour. The two large squid species 
sampled (one 400-mm O. bartramii and one 66-mm H. hoylei) had estimated trophic levels of 4.10 
and 4.73 respectively (also highlighted as outliers in Figures 18 and 26) and are found at an 
intermediate trophic step between swordfish and the other micronekton specimens caught by trawls.  
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Squids generally form shoals (Clarke, 1980) and have patchy and dispersed distributions (Rodhouse 
and Nigmatullin, 1996) in open ocean ecosystems. The distribution of adult squids is known to be 
scattered over extensive areas (Weimerskirch et al., 2005), with Ommastrephid squid species being 
divided into populations which spawn in different seasons and have different migratory behaviour 
(Okutani, 1977). These squid species are known to undergo large-scale migrations over the course of 
their lifespan, often spawning in the tropics or sub-tropics and migrating to high-latitude feeding 
grounds during major period of growth and maturation (O’Dor and Coelho, 1993). These might be 
reasons why large squids were not caught during the trawling and in the stomach content of Xiphias 
gladius, as swordfish are actively seeking out these larger-sized organisms that provide a lot of energy 
compared to smaller organisms with a diluted distribution, in this low-productivity ecosystem.  
The feeding strategy of an organism can influence the carbon and nitrogen isotope signature of its 
tissues and hence its trophic position. Despite previous studies showing that the tissues of detritivores 
are enriched in 
15
N (Ménard et al., 2014), leptocephali larvae, which were reported to feed mainly on 
detrital and dissolved organic matter (Otake et al., 1990; Ménard et al., 2014), had the lowest mean (± 
S.D.) nitrogen stable isotope values of 3.3 ± 0.31‰. The standard ellipse area was particularly wide 
among gelatinous filter feeders and spread over a wide range of δ
13
C values (from -18.0‰ to -21.9‰) 
(Figure 18), emphasizing the generalized feeding behaviour of salps and pyrosomes which results in 
the different δ
13
C stable isotope values of these organisms from the δ
13
C stable isotope values of 
zooplankton and the other micronekton groups.   
Statistical results and Figure 20 showed that detritivores and filter feeders can be pooled into one 
group and carnivores and omnivores into a second group.  These two groups of organisms rely on two 
different food sources. The tissues of carnivores and omnivores were more enriched in δ
13
C than the 
tissues of filter feeders and detritivores, which are similar to results of a previous study conducted in 




N values than any other 
feeding modes (Fanelli et al., 2011). 
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The stable isotope ratios of crustaceans, fishes and squids displayed a continuum of values over the 
δ
15
N range of 10 ‰, confirming a wide spectrum of feeding strategies. These micronekton organisms 
occupied similar isotopic niche space (Figure 18) and might even be competing for zooplankton, 
which is a main food source for mesopelagic fishes and crustaceans. The spread in the standard 
ellipses of crustaceans, fishes and squids along the δ
15
N axis suggests that a wide range of species 
belonging to different trophic levels exploited a single food source. Furthermore, the similarity in the 
niche widths and standard ellipses of mesopelagic fishes and squids highlights the carnivorous feeding 
behaviour of these organisms, which had higher δ
15
N values than organisms with other feeding 
modes. One hypothesis, which might account for the high δ
15
N values, is that the food chain length of 
carnivores is greater than that of detritivores and filter feeders, thus allowing enrichment of tissues in 
15
N at each intermediate trophic step. Furthermore, the range of δ
15
N isotope values of omnivores and 
carnivores overlap, because omnivores mostly feed on the same organisms (zooplankton, euphausiids, 
copepods) as carnivores, but they are also known for occasional herbivory (Tanaka et al., 2007). 
Of relevance is the fact that some organisms change feeding habit during growth. Squids, for 
example, are known to feed on microplankton at the larval stage and gradually start feeding on larger 
prey items (copepods, euphausiids, amphipods and peneids) as they grow in size and their tentacles 
become more developed (FAO, 2010). An important consideration, therefore, is the size of the 
organism sampled, because large organisms can catch larger prey as they grow and this can be 
reflected in δ
15
N values of the predator (Ménard et al., 2014; Hunt et al., 2014). However, despite 
previous studies showing the influence of body length of micronekton on δ
15
N (Parry, 2008), this 
study did not detect any significant relationships between size of some species of micronekton (three 
fish taxa and two squid species) and δ
15
N. The sample size of all the other micronekton specimens, 
because of the net sampling selectivity, was too small for significant comparisons.  
Since carnivores typically exhibit higher nitrogen isotope values than organisms with other dietary 
habits, the potential relationship between micronekton size and a carnivorous feeding strategy was 
investigated and no significant relationship was identified. Xiphias gladius is a carnivore, feeding 
mainly on squids and other fish species (Stillwell and Kohler, 1985) during its entire lifetime, with a 
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preference for squids as it grows (Young et al., 2006). The standard ellipse width of swordfish 
sampled in the ISSG was very narrow (SEAc of 0.31). This might be due to the fact that all 
individuals of the population feed on a wide range of prey (being generalist predators), hence leading 
to a weak variability in the population and a narrow SEAc. The swordfish specimens sampled in the 
EAFR had mean (± S.D.) body lengths and δ
15
N values of 1626 ± 300 mm and 15.1 ± 0.4‰. Larger-
sized swordfish specimens were sampled in the ISSG. No continuity was observed in nitrogen 
isotopes between the size of swordfish and the size of the micronekton sampled in the ISSG (Figure 
24). The gap observed might mean that the study mainly sampled the micronekton organisms in the 
ISSG that were being eaten by the prey of Xiphias gladius, hence missing one trophic level. The fact 
that no continuity existed between micronekton sampled and the swordfish specimens might also 
indicate predator-prey relationships between these two categories of organisms.  
Statistically, the broad micronekton categories could not be differentiated by their nitrogen isotope 
signatures during MICROTON probably because of small sample sizes. The differences in the δ
15
N 
values of mesopelagic fishes, crustaceans and squids did not exceed 0.9‰ and they had similar 
trophic level values of 2.98, 3.24 and 3.32 respectively. For individual species in the trawl surveys 
estimated trophic levels ranged from 2.28 (F. taaningi) to 4.73 (H. hoylei), showing that micronekton 
can be tertiary consumers in the ISSG. There is a likely bias in the stable isotope analysis for large-
sized micronekton organisms, such as squids O. bartramii and H. hoylei (largely caught by Xyphias 
gladius), generally avoid nets and were thus poorly sampled and analysed.  
 
V.3 Comparison with the EAFR province 
 
The East African Coastal province is a more dynamic system than the ISSG, because of the presence 
of mesoscale features (cyclonic and anticyclonic eddies) in the Mozambique Channel (Schouten et al., 
2003; Lutjeharms, 2006; Ternon et al., 2014). Significant variations in SLA were shown in this and 
previous studies (Ternon et al, 2014), with surface currents being very strong, coherent and directly 
connected to the eddy field compared to the ISSG province. Run-off from the Zambezi River enriches 
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the coastal waters of Eastern Africa with nutrients (Tew-Kai and Marsac, 2009). The total surface 
pigment concentration was found to be 20% higher in the prospected area in the EAFR than in the 
ISSG (Tables 2 and 3). Specific communities of phytoplankton such as Prochlorococcus were found 
to be dominant in surface waters while Synechococcus and picoeukaryotes were found to be less 
abundant (Zubkov and Quartly, 2003).  
 The enhanced kinetic activity within mesoscale eddies provides mechanisms that drive chlorophyll-
enriched waters from the African coast into the MZC (Tew-Kai and Marsac, 2009; Huggett, 2014; 
Roberts et al., 2014) (Figure 10A). Satellite observations and statistical modelling by Tew-Kai and 
Marsac (2009) showed that cyclonic eddies are the main sources of primary productivity in the central 
MZC because cyclonic eddies create a vertical displacement of cold, nutrient-rich waters 
(McGillicuddy et al., 1998; Oschlies and Garçon, 1998; Bakun, 2006; Levy, 2008). Cyclonic eddies 
were also shown to result in higher zooplankton biovolumes in the MZC compared to anticyclonic 
eddies (Huggett, 2014; Lebourges-Dhaussy et al., 2014). Processes occurring at a sub-mesoscale level 
in the highly turbulent eddy boundaries also favour strong vertical movements, resulting in local 
enrichments (Levy, 2008). Tew-Kai and Marsac (2009) further suggested that eddies impacted the 
spatial distribution of upper trophic levels.  
Similar to results in the ISSG province, the greatest changes in acoustic densities were detected in the 
shallow layer and smallest changes in the deep layer in the EAFR. A greater acoustic response was 
recorded in the EAFR compared to the ISSG (total sA recorded in ISSG was almost half of the total sA 
recorded in EAFR), confirming the oligotrophy of the ISSG province with low abundance of 
micronekton organisms. The indicators that were investigated further showed a bi-modal distribution 
of micronekton, which implies that some organisms stay in the shallow layer during the day and in the 
deep layer during the night. This resident strategy is further depicted in the “second mode” observed 
in the day and night vertical profiles for the EAFR, where there appears to be a “thinning out” of the 
acoustic responses between 400-600 m from day to night (Figure 12). This second mode is less 
pronounced in the ISSG province and is located between 550 and 650 m. It might be argued that a 
proportion of the micronekton organisms do not ascend at dusk, both in the EAFR and ISSG. 
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Interestingly, fishes from the Myctophidae family (most widely caught organisms in trawl surveys, 
Figure 14) were reported to exhibit a range of DVM behaviour, such as surface migration, midwater 
migration, passive migration and non-migration, where organisms stay in the deep layer during the 
night (Watanabe et al., 1999). 
Within the micronekton, the number of gelatinous organisms caught in the EAFR was significantly 
different compared to the ISSG province (Figure 15), although gelatinous organisms were least 
common in trawl surveys from both regions. The damage incurred by soft-bodied organisms in trawls 
is not negligible. It may well be that the poor representation of gelatinous zooplankton in the net tows 
reflects their low abundances within the regions of investigation. However, information about the 
gelatinous zooplankton in the central Indian Ocean is scarce. Van Soest (1974b) reported that the 
micronekton organism, Salpa maxima, was a moderately abundant species distributed from 50°N to 
45°S over all three oceans. However, most samples were collected in the northern and western Indian 
Ocean (along the MZC), with the ISSG province being poorly represented in the study. Additionally, 
salps have been reported to have a patchy distribution in much of the open ocean (Madin et al., 1996). 
Leptocephali larvae were reported to be abundantly distributed in the eastern Indian Ocean (Miller et 
al., 2011), along 110°E. During a trawl survey conducted by Legand (1969), 9.9% of the micronekton 
species collected were leptocephali and gelatinous cephalopods, the second most abundant 
micronekton organisms collected after fishes along the 110°E latitude. However, occurrence in hauls 
also depends on season and abundance (Castle, 1969). The gelatinous organisms Carinaria lamarckii, 
Leptocephali larvae, Salpa maxima, and Siphonophora were collected by Ménard et al. (2014) in the 
MZC, but they occurred in lesser numbers in the net tows compared to squids, crustaceans and fishes. 
All micronekton broad categories were found in greater numbers in trawl surveys carried out in the 
EAFR than in the ISSG province, both during the day and night. However, from the accumulation 
curves, it seemed that a greater trawl effort was applied in the ISSG (greater species richness in the 
ISSG even though it is an oligotrophic environment). However, it should be noted that, during 
MICROTON, taxonomic identification of trawl samples might have been more accurate than during 
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MESOP cruises, allowing the identification of rarer specimens during MICROTON. Human bias is 
therefore not negligible when analysing trawl contents. 
According to previous studies, a large number of pelagic predators (including swordfish), may 
opportunistically feed on gelatinous zooplankton (Avian and Rottini-Sandrini, 1988; Harbison, 
1993; Cardona et al., 2012). However, gelatinous organisms were the rarest organisms found in the 
stomach contents of swordfish, because they could be undergoing rapid digestion/ disintegration. 
Stomach contents of swordfish in the ISSG province had a low abundance and species richness, which 
might account for the narrower standard ellipse area of swordfish in the ISSG compared to EAFR. 
The proportion of fishes and squids caught in trawls and by the swordfish specimens differed 
significantly which is related to the selectivity of these two “samplers” of micronekton. However, 
these results might be biased by the fact that stomach content data only show the status of an animal’s 
stomach at the time the sample was taken (Polunin et al., 2001).  
The carbon stable isotope values of the different micronekton groups observed in the ISSG were 
similar to δ
13
C isotope values of crustaceans, fishes and squids recorded during the MESOP cruise in 
the MZC. However, the tissues of micronekton organisms in the EAFR were more enriched in 
15
N 
than the tissues of micronekton in the ISSG (Figure 26). Differences in nitrogen and carbon isotope 
values between cruises might be due to different environmental variables governing these two regions 
or the difference in the size of micronekton sampled from these two regions.  
POM-Surf was more enriched in 
15
N than POM-Fmax in the EAFR, with the standard ellipse area 
spread over a wider range of δ
13
C values (Figure 25), probably because POM-Surf in the MZC is 
subjected to local enrichments and exchange of organic molecules with the coast, (possibly due to 
riverine outflow) combined with the influence of mesoscale eddies. Based on the differences in 
nitrogen isotope signatures in a previous study by Ménard et al. (2014) in the MZC, organisms within 
the micronekton group were classified into different trophic levels, such as the leptocephali larvae, 
which have the lowest δ
15
N values and consequently are found at a low trophic level.  In other 
oligotrophic environments, such as the NW Mediterranean, Fanelli et al. (2011) also found that filter 
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feeders feeding on POM had depleted nitrogen and carbon isotopic signatures and were consequently 
found at a low trophic level, whereas carnivores of micronekton had high mean annual δ
15
N values 
and were found at a higher trophic level.  
Similar to results for the ISSG province, crustaceans, fishes and squids had higher trophic levels than 
gelatinous organisms in the EAFR. The standard ellipse area of gelatinous organisms (mainly 
Carinaria lamarckii specimens sampled in our study) was very narrow, suggesting the specialised 
feeding behaviour of this organism. Some species of mesopelagic fishes (e.g. Cubiceps pauciradiatus 
with an estimated trophic level of 4.98) and squids (e.g. Onychoteuthis spp. with an estimated trophic 
level of 4.60) shared the same isotopic niche space as swordfish in the EAFR (Figure 25). Large-sized 
squids are generally found at higher trophic levels than other micronekton organisms (Young et al., 
2015). In the ISSG province, most of the specimens sampled were small in size and do not feed within 
the micronekton group, but rather feed on smaller-sized plankton species, accounting for the lack of a 
significant difference in δ
15
N values between squids and mesopelagic fishes. 
Ménard et al. (2014) found positive significant relationships between δ
15
N and body length of only 
three fish taxa and one squid species (S. oualaniensis) sampled in the MZC. Despite the same 
sampling gear being used in both the EAFR and ISSG, micronekton sampling seemed to be even more 
conservative in the ISSG compared to the EAFR. Indeed, a more restricted size class seemed to have 
been sampled during MICROTON for each individual taxon (notably, Abraliopsis spp., L. intermedia 
and S. evermanni in Figure 22). Two plausible hypotheses might be that organisms are smaller in the 
ISSG or, conversely, fewer specimens were caught in the ISSG (small sample size), that are not 
representative of the whole population. Some species of micronekton in the EAFR also had higher 
δ
15
N values compared to micronekton in the ISSG at any given size.  
The 353 swordfish individuals sampled (181 in EAFR and 172 in ISSG), ranged in size from about 
550 to 2500 mm and a positive linear relationship was observed between δ
15
N of all swordfish 
specimens and size (Figure 23). In the EAFR ecosystem, some of the micronekton organisms and the 
swordfish specimens exhibit the same δ
15
N stable isotope values while having different sizes. This 
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suggests that they occupy the same trophic level and do not have predator-prey relationships.  In 
recent studies, the fixed δ
15
N value of 3.4‰ used to estimate relative species trophic position has also 
been questioned. Stable nitrogen isotope values have been shown to vary among species and across 
taxa (Caut et al., 2009). Furthermore, the enrichment between trophic levels has been demonstrated to 
change along the food chain, becoming smaller in the upper parts of the food webs as shown in Figure 
28 (Hussey et al., 2014). This might account for the overlap in δ
15
N values observed between 
micronekton and swordfish in the EAFR province.  
Figure 28 Relationship between trophic level (set as baseline 2) and δ15N stable isotope values (‰) of zooplankton, 
teleost, elasmobranch species and shark (as apex predators) for South African and Canadian food webs. The shaded 
boxes represent the difference in δ15N between methods, additive framework whereby an enrichment of 3.4‰ is 
observed between TL and scaled framework whereby the predicted enrichment between TL decreases with 
increasing trophic position. Numerical values represent the predicted enrichment across TL (Hussey et al., 2014). 
Some of the smaller-sized swordfish specimens sampled in the EAFR had mean ± (S.D.) body lengths 
of 864 ± 156 mm and consequently lower mean (± S.D.) δ
15
N values (11 .1 ± 0.6‰), compared to 
larger-sized swordfish having means (± S.D.) of 14.4 ± 0.4‰ in the EAFR. Larger-sized swordfish in 
the ISSG ranged in size from 1000 to 2500 mm and had δ
15
N values ranging from 13.5 to16‰. 
Stomach content and stable isotope analyses of swordfish specimens off eastern Australia have also 
found significant overlap in the stable isotope values of top predators and those from lower trophic 
levels such as cephalopods (Young et al., 2006). The authors found that δ
15
N values were associated 
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with increasing size of the swordfish, with smaller swordfish feeding on smaller fish such as 
myctophids, which was hence reflected in the low δ
15
N values of the swordfish tissues. Other factors 
were deemed to be also important for there was significant variability in the δ
15
N stable isotope values 
of mid-sized swordfish specimens (Young et al., 2006).  
The standard ellipse area of swordfish was spread over a range of δ
15
N values in the EAFR Previous 
studies have demonstrated that a population of generalist predators can actually be made of individual 
specialists that would forage on specific prey items (Bolnick et al., 2003; Woo et al., 2008; Matich et 
al., 2011). Since the biomass and diversity of micronekton are higher in the EAFR than the ISSG, 
individual swordfish organisms can have specialized diets, with each individual specialising on prey 
items different from other individuals of the population. Such specialisation would increase the 
individual feeding efficiency and would reduce the intra-specific competition. Recent studies on the 
foraging behaviour of the deep-dwelling swordfish specimens have shown specialization on prey sizes 
and species (Ménard et al., 2006; Ménard et al., 2007; Potier et al., 2007). Swordfish of different 
body length ranges could be preying upon different size classes of micronekton having different 
trophic positions in the EAFR. Size, therefore, is an important factor influencing the enrichment of 
tissues in δ
15
N and hence the trophic position of large predatory pelagic fishes. 





values of micronekton organisms in the MZC, with their results showing mesoscale eddies do not 
have a clear impact on the stable isotope signatures of micronekton, but cyclonic eddies were shown 
to occasionally influence the isotopic values of micronekton. In oligotrophic environments, eddies 
were shown to provide mechanisms by which the physical energy of the ocean system is converted to 
trophic energy in order to support biological processes (Barlow et al., 2014; Huggett, 2014). The 
resulting enhanced primary productivity due to mesoscale eddies and enhanced zooplankton biomass 
in the EAFR could favour the abundance of micronekton organisms in this zone compared to the 
ISSG province. However the direct links between these eddy fields and mesopelagic and large pelagic 
fishes are difficult to investigate (Potier et al., 2014).  





In conclusion, biogeochemical and biological responses are highly variable in different parts of the 
Indian Ocean and this is illustrated in the entire food web from low through to mid- and high trophic 
levels. Mid-trophic level micronekton organisms are key to the survival and health of top predators 
that are increasingly being fished in our oceans. Stable isotope methods, acoustic and trawl surveys 
allowed improved depiction of the trophic relationships and migration patterns of deep sea 
micronekton in two important biogeochemical provinces: one with high mesoscale activities, high 
nutrient and chlorophyll-a concentrations, high biodiversity of organisms (phytoplankton, 
zooplankton and micronekton) and high fishing pressure, and the other with low mesoscale activities, 
low nutrient and chlorophyll-a concentrations, low biodiversity of organisms and consequently low 
fishing pressure.  
Despite human biases, possibly differing sampling efforts and net selectivity, our study showed that 
the food chain is more complex than initially thought, with various mechanisms and environmental 
factors (nitrate, pigment and chlorophyll-a concentrations, oxygen and temperature gradients, current 
shear and the large-scale anticyclonic pattern in the ISSG) impacting on the concentration, abundance, 
diversity, diel vertical migration patterns, size and dietary habits of micronekton organisms. Despite 
the lack of a correlation between the nitrogen isotopic signatures of micronekton and size, body length 
is known to play an important role in the trophic position of an organism, with smaller-sized 
micronekton being eaten by larger-sized micronekton which are, in turn, eaten by Xiphias gladius. 
POM and micronekton tissues from the EAFR were more enriched in 
15
N than POM and micronekton 
found in the ISSG, resulting in micronekton organisms having slightly higher trophic level positions 
in the EAFR compared to the ISSG. Further studies investigating the effect of seasonality, seamounts, 
and lunar patterns on micronekton biomass, distribution, migration and stable isotope values will add 
considerably to the knowledge of the trophic position of micronekton in the Indian Ocean and will be 
beneficial for an ecosystem approach to fisheries. 
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Parameters Collection Method Pre-processing procedures 
Environmental 
Temperature, salinity, dissolved 
oxygen, fluorescence 
CTD rosette system (Sea Bird 
911 +) equipped with: 
Wetlabs ECO-FL fluorometer 
SBE 43 oxygen sensor 
 CTD salinity profiles 
were calibrated on board  
 Samples analysed on a Portasal 
salinometer). 
 
 CTD fluorometry 
profiles used to assess the 
exact depth of the DCM.  
 
 Qualitative 
concentrations of chlorophyll 
obtained on discrete samples 
by fluorometry and by HPLC. 
 
 Oxygen profiles 
calibrated on board against 
oxygen determined by 
classical Winkler method on 
discrete water samples. 
Current profiles L-ADCP- current profiler 
attached to the CTD frame 
L-ADCP was operated at the 300 
kHz frequency, with an 8 m 
vertical resolution, to a 
maximum depth of 1000 m 
Nutrients CTD rosette system (Sea Bird 
911 +) 
         Pasteurisation of nutrients 
samples (at 80°C for 3 hours)  
 
 Nutrients determined by 
standard auto-analyser 
techniques  
Chlorophyll pigments Water samples collected at 5 m 
and at the DCM and filtered 
 Filters stored in liquid 
nitrogen 
 
       Chlorophyll-a analysed 
by fluorometric technique of 
Welschmeyer (1994) 
 
 High pressure liquid 
chromatography (Thermo 
Separations HPLC) on specific 
filters/ samples used to analyse 
phytoplankton pigments 
Particulate organic matter 25 or 47 mm glass-fiber filters 
that filtered 4 to 8 L (depending 
on the load of each sample) of 
seawater at 5 m and the depth of 
the DCM 
Filters stored frozen at -20°C 
 
 





Zooplankton Bongo zooplankton sampler with 
a 200 µm mesh size used for 
oblique profile (0-600 m depth) 
 
 
Methods of investigating micronekton 
Acoustic  Simrad EK60 split-beam 
echosounder  
 ER60 software: 
 To record the signal 
reflected by the target  
 To operate and control 
the echosounder 
Data converted into the ‘*.hac’ 
format before post-processing 
(removing background noises) 
with the IFREMER “Movies +” 
software  
Pelagic trawls  Micronekton samples 
collected with a 40-m long 
International Young Gadoid 
Pelagic Trawl having a cod-end 
lined with 5 mm knotless nylon 
delta mesh netting 
 Trawl towed at a speed 
of 3-4 knots for 30 minutes 
 7 trawls conducted 
during the day; 5 deep (400- 600 
m) trawls and 2 shallow (10- 200 
m) trawls 
 12 trawls conducted 
during the night (10 shallow 
trawls and 2 deep trawls) 
Each broad category was 
weighed, stored in plastic bags 
and frozen (if abundant) or 
preserved in 70% alcohol (if less 
abundant) 
 
Body length measurements 
taken: 
 Standard Length for fishes 
 Dorsal Mantle Length for 
squids 
 Cephalothorax lenght for 
crustaceans 
 Total Length for other taxen  
Gut contents data Swordfish caught by longline 
fishing 
 Stomach contents 
separated and sorted into 4 
broad categories 
 Species and individual 
prey items were 




 Standard Length and Length of 
otoliths for fishes 
 Gladius length and lower 
rostral length of lower beaks 
for squids 
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APPENDIX C. Stable Isotope Analyses 
Freeze-drying 
Samples were freeze-dried with the Christ Alpha 1-4 LSC Freeze Dryer. A sublimation technique was 
employed whereby each sample was previously frozen and introduced in a vacuum container. The 
freeze-drying step (or lyophilisation) lasted for 48 hours. Upon completion, the cryotubes containing 
the samples were stored in a dry room where the humidity level was kept at 30% and the room 
temperature at 26°C.  
Grinding 
The samples were then ground to a fine homogeneous powder (Ménard et al., 2014; Fanelli et al., 
2011) using the automatic ball mill RETSCH MM200. In the cryotubes containing the sample, 2mm 
steel balls were introduced. Due to their inertia, the balls impacted on the sample at high frequency for 
approximately 2 minutes, hence crushing the sample material to a fine powder.  
Lipid extraction 
The tissues of organisms used for isotope analysis contain various types of lipids- structural lipids in 
membranes and lipids used for storage. Dichloromethane was used on an accelerated solvent 
extraction system (ASE®, Dionex; Bodin et al., 2009) to remove those lipids. This process did not 
affect δ
15
N isotopic signatures. The C/N mass ratio of the samples was used to confirm the extent of 
the lipid extraction.  
All samples were sent to La Rochelle (LIENSS, UMR 7266 CNRS, La Rochelle) for stable isotope 
analysis by mass spectrometry whereby the samples were subjected to combustion in an elemental 
analyser. Gas chromatography and a mass spectrometer were employed to separate CO2 and N2 gas 
and to determine isotopic ratios. A reference gas set was used to determine isotopic ratios by 
comparison. 
 
